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SUMMARY

Human stem cell-derived models of development and neurodegenerative diseases are challenged by cellular immaturity in vitro. Microengi-
neered organ-on-chip (or Organ-Chip) systems are designed to emulate microvolume cytoarchitecture and enable co-culture of distinct cell
types. Brain microvascular endothelial cells (BMECs) share common signaling pathways with neurons early in development, but their contri-
bution to human neuronal maturation is largely unknown. To study this interaction and influence of microculture, we derived both spinal
motor neurons and BMECs from human induced pluripotent stem cells and observed increased calcium transient function and Chip-specific
gene expression in Organ-Chips compared with 96-well plates. Seeding BMECs in the Organ-Chip led to vascular-neural interaction and
specific gene activation that further enhanced neuronal function and in vivo-like signatures. The results show that the vascular system has
specific maturation effects on spinal cord neural tissue, and the use of Organ-Chips can move stem cell models closer to an in vivo condition.

INTRODUCTION

Awidevariety of human tissues can be generated from human
induced pluripotent stem cells (iPSCs) (Shi et al., 2017).
However, iPSC-derived cells generated in vitro in most culture
systems remain fetal-like in nature (Avior et al., 2016), poten-
tially limiting their utility for research and disease modeling.
Comparative analysis of developing spinal cord tissue and
iPSC-derived motor neuron cultures have revealed that
even with prolonged time in culture, spinal motor neurons
generated from iPSCs do not possess functional and molecu-
lar maturation signatures beyond 4-6 gestational weeks
(Ho et al., 2016). Novel culture systems that aim to enhance
the function and maturation of iPSC-derived spinal motor
neurons (SpMNs) in vitro are of considerable interest,
especially for the study of spMN dysfunction in adult-onset
disorders such as amyotrophic lateral sclerosis (ALS).

Unlike conventional cell culture plates, organ-on-chip (or
Organ-Chip) systems (Bhatia and Ingber, 2014) offer
3-dimensional microengineered platforms that aim to better
recapitulate cellular microenvironment including cell-cell
interactions of the lung (Huh et al, 2010) and gut
(Kim et al., 2016). Due to reduced media volume and non-
convection geometry, microengineered cultures may pro-
vide greater concentration of soluble signals compared
with 96-well plates (Przybyla and Voldman, 2012). While
groups have described these microvolume effects on various
cell types (Domenech etal., 2009; Yu etal., 2007), the neuro-
genic effects of microvolume culture on iPSC-derived neu-
rons remain unknown, prompting us to explore them here.

Developing spMNs rely on other cell types to provide
signaling cues critical to maturation (Jessell, 2000). Neuro-
muscular junction formation and astrocyte emergence begin
at 9 and 15 weeks post fertilization, respectively, and astro-
cytes continue to proliferate into post-natal development
(Guoetal., 2015; Hesselmans et al., 1993). While the impor-
tance of the interaction of these cell types in improving
spMN function has been demonstrated in vitro, thisis not suf-
ficient to mature them to adult counterparts (Demestre et al.,
2015; Montoya et al., 2009; Rushton et al., 2013). Of note,
brain microvascular endothelial cells (BMECs) invade the
neural tube from the perineural vascular plexus beginning
at 4 weeks post fertilization and form a primitive blood-brain
barrier that directly interacts with developing neural tube
progenitors and neurons prior to astrocyte emergence
(Engelhardt and Liebner, 2014; Kurz, 2009) (Figure S1A).
During development post fertalization, vascular angiogen-
esis and axon neurite outgrowth share common morpho-
genic mechanisms known as angioneurins (Walchli et al.,
2015; Zacchigna et al., 2008). In the adult context, BMECs
have also been shown to influence neurogenesis (Louissaint
et al., 2002; Palmer et al., 2000; Shen et al., 2004). The
concordant developmental timing of the two cell types, as
well as shared developmental signaling pathways, prompted
our hypothesis that iPSC-derived BMECs could interact with
and mature iPSC-derived spMN cultures in vitro.

In the current report, we differentiated human iPSCs into
spinal neural progenitor cells (spNPCs), which were subse-
quently studied in a Spinal Cord-Chip system. Compared
with a 96-well plate, cultures in the Chip had increased
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Figure 1. spNPCs Survive and Mature in the Chip Microenvironment

(A) Schematic of spinal neural progenitor cells (spNPC) differentiation from induced pluripotent stem cell (iPSC) cultures. Cells were fated
to neural ectoderm (NE) using WNT agonist CHIR99021 and SMAD inhibitors LDN193189 and SB431542 for 6 days and then patterned to
ventral spinal neurons using retinoic acid (RA) and sonic hedgehog agonist (SAG) in 6-well plates. At day 12, spNPCs were frozen, banked,
and thawed for experiments (Cryo-bank). spNPCs were seeded into the top channel of the Spinal Cord-Chip and incubated for 6 days.
(B) Schematic of dual-channel Chip geometry (left) and magnified cross-section (right). Top (1) and bottom (2) channels can contain
distinct cultures (3 and 4), and are separated by a porous membrane (5).

(C) Phosphorylated neurofilament heavy chain (SMI32) is enriched in spinal motor neurons (spMNs) and expressed in cells populating the
entire top channel. Cells stained with nuclear dye DAPI. Scale bar, 200 um.

(D) Immunostaining of main channel of the Chip of markers for spMNs SMI32, nuclear marker isletl (ISL1), Beta 3 tubulin (TUBB3),
NKX6.1, neurofilament marker microtubule-associated protein 2 (MAP2), and synaptic marker synaptophysin (SYNP). Cells stained with
nuclear dye DAPI. Scale bar, 40 pum.

(E) Representative image of Spinal Cord-Chip neurons treated with Fluo-4 calcium activated dye and acquired live in fluorescein

isothiocyanate (FITC) channel. Scale bar, 100 pum.

(F) Florescence of individual active neurons normalized to baseline florescence and plotted over time (dF/F).

neuronal activity and expressed enhanced neuronal
differentiation genes. When iPSC-derived BMECs were
included, we observed further increases in neuronal activ-
ity, induction of vascular-neural interaction genes, and a
developmental gene expression profile that indicated a
more in vivo-like signature. This platform provides insight
into endogenous signaling of spinal neural cultures and
BMEC interaction during early human development and
establishes a vascularized in vitro model of motor neuron
tissue from human iPSCs to better understand and poten-
tially treat motor neuron-related diseases.

RESULTS

Neurons in Spinal Cord-Chip Have Spontaneous
Activity

To study the consequences of an Organ-Chip microenvi-
ronment, we used a rapid protocol to differentiate healthy

human iPSCs (83iCTR line) into spMNs, which was based
on a combination of previously defined methods (Sances
et al., 2016). First, iPSCs were differentiated to neural
ectoderm (NE) then subsequently directed toward ventral-
ized spNPCs over a 12-day period (Figure 1A). To test how
spNPCs would develop in a microenvironment, we seeded
them into the top channel of the dual-channel Spinal
Cord-Chip constructed of polydimethylsiloxane (PDMS)
(Emulate) (Figure 1B). Top and bottom channels of the
Chip are separated by a 50-um-thick membrane perfo-
rated by 7-um diameter pores spaced 40 pm apart from
center to center. Within 6 days of incubation, mixed
neural cultures expressed spMN marker phosphorylated
neurofilament heavy chain (SMI32) along the entire
top channel (Figure 1C). Neuronal markers NKX6.1 and
TUBB3, marked early spMN fate, and islet-1 (ISL1) indi-
cated post-mitotic spMNs (Figures 1D). Neural cultures
also stained positive for MAP2 and synaptophysin,
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Figure 2. Co-culture of iPSC-Derived spMNs and BMECs in Spinal Cord-Chip

(A) Schematic of dual differentiation and seeding paradigm in Spinal Cord-Chip seeded with BMECs. Both spNPCs and BMECs are generated
from human iPSCs and seeded into top and bottom channels, respectively. Transverse section of the Spinal Cord-Chip seeded with BMECs
(right) shows two compartments separated by porous membrane.

(B) Immunostaining of whole Spinal Cord-Chip with spMNs expressing SMI32 in top channel and BMECs expressing ISL1 in the bottom
channel. Scale bar, 1500 pm.

(legend continued on next page)
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indicating that synaptogenesis was initiated within the
Spinal Cord-Chip.

To determine whether the Spinal Cord-Chip culture
showed spontaneous neuronal activity, we treated cultures
with the calcium-activated dye Fluo-4 and acquired fluores-
cent activity at 20 Hz for 3 min (Figure 1E). By plotting the
change in fluorescence with respect to time (dF/F),
neuron-specific calcium transient events could be character-
ized by fast onset and slow decay, consistent with devel-
oping neurons (Warp et al., 2012). Calcium transient event
detection showed extensive activity in the 18-day cultures,
providing evidence of neuronal activity and connectivity
in the Spinal Cord-Chip (Figure 1F). Together these data
show that iPSC-derived spNPCs can survive and mature to
an active neuronal phenotype within the Spinal Cord-
Chip microenvironment.

iPSC-Derived BMECs Survive and Populate the
Vascular Spinal Cord-Chip Channel

Given that BMECs have been shown to influence neurogen-
esis, we next wanted to recreate vascular-neural interactions
in vitro by deriving BMECs from the same 83iCTR iPSC line
using an established protocol (Lippmann et al., 2014). Initial
attempts to co-culture both cell types in 96-well plates were
unsuccessful as BMECs quickly overcrowded neural cultures
(data not shown). We therefore seeded BMECs into the bot-
tom channel of the Spinal Cord-Chip (Figure 2A), followed
by seeding of spNPCs into the top channel. After 6 days in
culture, immunostaining revealed clear separation of the
two cultures in the top (neural) and bottom (endothelial)
channels along the entire Spinal Cord-Chip (Figures 2B-
2D). BMECs exhibited cobblestone morphology typical of
endothelial culture in vitro and expressed endothelial tight
junction proteins zona occludens 1 (ZO-1), glucose trans-
porter 1 (GLUT-1), and Occludin (OCLDN) (Figures 2B-2D
and S1B). BMEC cultures also expressed nuclear ISL1, previ-
ously unreported in human brain vasculature endothelium
(Figure 2C). To confirm vascular ISL1 expression in vivo,
we immunostained human fetal spinal cord sections at
post-conception days 53 and 67 for ISL1 and GLUT-1 and

found them to be co-expressed within infiltrating
vasculature (Figure S1C). This expression was validated by
transcript expression from a previously published dataset
of iPSC-derived BMECs (Vatine et al., 2017) (Figure S1D).
While SMI32-positive soma were not found in the bottom
channel, ZO-1-positive SMI32-negative regions in the top
channel revealed infiltration of BMECs (Figures 2C and
2D). Confocal 3-dimensional reconstruction of the main
channel displayed clear distinction of the two cultures
with confluent BMECs surrounding the entire bottom chan-
nel that formed a continuous vessel-like tube (Figure 2D).
To further discriminate the infiltration of both cell types
in the Spinal Cord-Chip co-culture, we engineered the
83iCTR iPSC line to constitutively express GFP (83iGFP)
with a nuclear localization signal, by inserting the cassette
into the AAVS1 locus using a zinc-finger nuclease. 83iGFP
iPSCs were then differentiated into SMI32-expressing
spNPCs and seeded into the top channel as before, while
BMECs were generated from the 83iCTR iPSC line and
seeded into the bottom channel (Figure 2E). This allowed
for clear distinction of GFP-positive spMN cultures from
GFP-negative, ISL1-positive expressing BMECs. 83iGFP
spNPCs seeded into the top channel without BMECs in
the bottom channel readily infiltrated through the mem-
brane pores into the bottom channel (Chip). In contrast,
when BMECs were included in the bottom channel, GFP-
positive spNPC infiltration was effectively blocked (Fig-
ure 2E). Defined regions of GFP-negative/ISL1-positive
nuclei were observed in the top channel, which is consis-
tent with ZO-1 staining showing BMEC infiltration from
the bottom channel (Figure 2C). To determine the influence
of BMEC contact on SMI132-expressing spMN culture differ-
entiation, we analyzed top-channel GFP-positive nuclei as
well as ISL1-positive/GFP-positive expression (Figure 2F).
Similar numbers of GFP-positive nuclei survived (Figure 2G)
in the Chip over three experimental replicates (Figure 2G).
The number of ISL1" spMN nuclei differentiated alone
in the Chip (9.5% =+ 2%) did not significantly differ in
the presence of BMECs (6.6% + 2%) (Figure 2H). To confirm
this result, we repeated the culture paradigm in an

(C) Maximum projection images cropped at membrane z plane show top and bottom compartments of seeding end of Spinal Cord-Chip
immunostained with spMN markers SMI32 and islet 1 (ISL1), and tight junction marker zona occludens 1 (Z0-1). Scale bars, 400 pm (left)
and 40 um (right).

(D) Confocal optical reconstruction along z-axis of Spinal Cord-Chip with computer-generated perspective view (top) exhibits confluent
layer of BMECs surrounding entire bottom channel. Orthogonal view (bottom) exhibits distinct separation of cultures at 6 days separated
by porous PDMS membrane. Scale bar, 100 um.

(E) Representative images of cells attached to porous membrane in the main channel (top and bottom planes). Spinal Cord-Chip was
seeded either with 83iGFP spNPCs alone in the top channel (Chip) or with the addition of non-GFP BMECs in the bottom compartment. Scale
bar, 100 um.

(F) High magnification of top compartment shows GFP-negative, ISL1-positive clusters indicating BMEC infiltration. Scale bar, 50 um.
(G and H) Quantification of GFP and ISL1 populations in top compartment. Error bars represent standard deviation. Plots were determined
from six individual Chips from three culture rounds (dots).
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additional non-transgenic line (00iCTR) (Figure S2A). High
magnification allowed quantification of SMI32-positive
neurons that co-expressed ISL1 in both the 83iGFP
and OOiCTR lines (Figure S2B). Indeed, similar numbers of
ISL1*/SMI32* spMNs in each condition indicated that co-
culturing with BMECs did not affect overall spMN numbers.

Spinal Cord-Chip and BMECs Increase Spontaneous
Neuronal Activity of spMN Cultures

The intrinsic electrophysiological properties of developing
SpMNs can provide direct measures of function and matu-
ration. As such, we asked whether exposure of spNPCs to
either the Spinal Cord-Chip microenvironment and/or
BMECs led to enhanced spMN physiological function,
compared with a culture plate. Attempts to conduct whole
cell patch-clamp using an openable Chip containing the
PDMS membrane were unsuccessful; however, polyester
membrane-containing Chips allowed sufficient stability
for electrophysiological recording of neurons in the top
compartment. Of note, the 1-um pore size in the polyester
chips prohibited direct contact between BMECs and neu-
rons (data not shown). Cells from these Spinal Cord-Chips
had resting membrane potentials and capacitance values
(Figures 3A and 3B) consistent with developing iPSC-
derived spMNs neurons in vitro (Takazawa et al., 2012).
Current injection steps elicited action potentials and
voltage-clamp recordings indicative of neuronal voltage-
gated sodium and potassium channel currents (Figures
3C and 3D). Quantification of current densities associated
with voltage-gated sodium and voltage-gated potassium
channels, maximum action potential amplitude and min-
imum current necessary to fire an action potential, were
similar across culture conditions (Figures S2C-S2F). These
data demonstrate that physiologically active spMNs can
be cultured within the Spinal Cord-Chip and that basic
electrophysiological properties are similar for culture in

the Spinal Cord-Chip, with or without BMECs, compared
with a culture plate.

To further assess neuronal physiological function,
we next performed live calcium transient imaging on
density-matched 83iCTR spNPCs exposed for 6 days to
the Spinal Cord-Chip microenvironment, either with or
without BMECs in the bottom channel, compared with a
96-well plate. Immunostaining of a 96-well plate showed
cell density and neuronal marker expression comparable
with those of Spinal Cord-Chip (Figure S2G). Calcium tran-
sient signatures of isolated BMECs analyzed at the seeding
end were characterized by gradual influx and efflux that
was distinct from the neural compartment (Figure 3E). To
ensure that only neuron activity was analyzed in all condi-
tions, we filtered out putative BMEC activity by requiring
events to return to baseline within 20 s. Transient events
for 148-300 neurons from each condition were plotted
(Figure 3F) and quantification determined a significant
increase in the average number of spontaneous neuronal
transients in the Spinal Cord-Chip cultures compared
with 96-well cultures (Figure 3G). Of note, neurons
cultured with BMECs in the Spinal Cord-Chip had a
significantly increased frequency of calcium transients
compared with culture in the Spinal Cord-Chip alone.
Transient fluorescence was effectively blocked in the
presence of the voltage-gated sodium channel antagonist
tetrodotoxin (TTX), indicating fluorescence specificity to
channel activity. These findings were reproduced using
an additional control iPSC line, 00iCTR (Figure S2H-S2I).

As spNPC cultures differentiate into not only spMNs
but also contain a mixture of both inhibitory and excitatory
interneurons that can modulate network activity (Du et al.,
2015), we next wanted to determine whether spMNs them-
selves were specifically activated in the Spinal Cord-Chip.
To achieve population identification of calcium imaging
data, OOiCTR cultures following the above activity study

Figure 3. Spinal Cord-Chip Environment Increases Spontaneous Neuronal Activity

(A and B) Average capacitance and resting membrane potential calculated at time of access to neuron during whole-cell current-clamp
recording across three culture conditions: 24-well plate, Chip, and Chip containing BMECs (n = 5, 4, and 6 neurons, respectively).

(C) Membrane voltage recordings plotted over time during current-clamp. Traces are sequentially staggered for each 10-pA sweep.
Red trace denotes minimum current sweep that reached action potential membrane threshold of 0 mV.

(D) Voltage-clamp recordings of membrane current over time. Picofarads (pf), milliseconds (ms), millivolts (mV), picoamperes (pA).
(E) Individual representative calcium transient activity of spNPC (top) and BMEC (bottom) cultures acquired at the seeding compartments
where cultures do not interact. Change in florescence intensity over background (dF/F) plotted with respect to time totaling 60 s.

(F) Calcium transient activity plots of 30 representative neurons plotted over time in seconds and derived from 83iGFP spNPC cultures in

each culture condition.

(G) Transient frequency plot of 128, 226, and 232 83iGFP-derived neurons cultured in 96-well plates, Chips, and Chips containing BMECs,
respectively. Neuron activity was ablated with the administration of tetrodotoxin (TTX).

(H) Immunocytochemistry staining of islet1 (ISL1) and SMI32 (right) of site previously acquired for live calcium transients using Fluo-4
dye (left). ISL1-positive neurons (arrowheads) are superimposed to determine spMN firing specificity. Scale bars, 200 um.

(I) Activity of ISL1 SMI32 double-positive neurons in three culture conditions plotted as frequency in hertz.

In graphs, means are represented by black bars and error bars represent standard error of the mean. Significance was calculated by one-way

ANOVA: **p < 0.01, ****p < 0.001; ns, not significant.
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were immunostained for spMN markers SMI32 and ISL1
and merged with the same site of live calcium acquisition
(Figure 3H). Comparing 116 SMI32*/Is11* spMNs with 232
representative active neurons from the same acquisition
site showed that ISL17/SMI32* spMNs had significantly
fewer detected calcium events when compared with
overall neuronal activity (Figure S2J). Of the identified
SMI32*/ISL1* spMN:s in the three culture conditions, the
Spinal Cord-Chip showed increased activity when
compared with 96-well plates (Figure 3I). However, the
addition of BMEC:s to the Spinal Cord-Chip did not increase
SpMN activity, suggesting that specific spMN activity did
not significantly contribute to the overall increased activity
in neurons cultured with BMECs. Taken together, these data
show that culture in the Spinal Cord-Chip maintains
intrinsic electrophysiological properties that are consistent
with developing neurons but enhances neuronal sponta-
neous activity.

Spinal Cord-Chip and BMECs Induce Enhanced
Developmental Transcriptomic Signatures

In addition to electrophysiology as an important marker
of neuronal activity, cellular transcriptomics can elucidate
activated signaling pathways relating to neuronal matura-
tion and cell-cell interactions. To address this, we per-
formed RNA sequencing (RNA-seq) to compare spNPCs
cultured in 96-well plates, in the Spinal Cord-Chip alone,
or in the Spinal Cord-Chip with BMECs. Day-12 GFP-
positive spNPC cultures were thawed and then cultured
for 6 days in four conditions: 96-well plate, 96-well
plate with BMEC conditioned medium (96CM), Spinal
Cord-Chip seeded with spNPCs alone (Chip), or with the
addition of BMECs (Chip + BMEC). After 6 days, cells
were dissociated and the GFP-positive (neural) population
was separated from the GFP-negative population (BMEC)
by fluorescence-activated cell sorting (FACS) (Figures 4A
and 4B). Thawed spNPCs were also included to determine

differences in gene expression resulting from the 6 days in
culture. A total of 10,002 genes expressing at least 0.5
reads per kilobase per million (RPKM) in at least one con-
dition were included in the dataset, and RPKM data were
quantile normalized across all samples (Figure S3A).
Pearson correlation analysis showed high reproducibility
among sample replicates (Figure S3B). Effective removal
of BMECs from the co-cultured neural samples was indi-
cated by a comparison with the previously published
BMEC RNA-seq dataset (Vatine et al., 2017) (black), which
showed no increased expression in Spinal Cord-Chip
samples that had been co-cultured with BMECs (orange)
(Figure 4C).

To discover pathways affected in each condition, we per-
formed principal component analysis (PCA) on all samples,
and entered the top 200 ranked genes from the top three
components into the network-based pathway analysis
database DAVID (Huang da et al., 2009) (Figures 4D and
4F). The greatest variance (PC1) separated the day-12
spNPCs from day 18 in all other conditions (Figure 4D).
Day-18 neural cells had higher expression of gene path-
ways involved in neural differentiation, neurogenesis,
and axonal growth (Figure 4E). The next greatest variance
(PC2) separated Chip culture conditions (Chip and
Chip + BMEC) from the two 96-well cultures (96-well and
96CM) and was driven by genes associated with neuronal
differentiation pathways that were specifically upregulated
in the Chip microenvironment. However, PC2 did not
show a notable difference between the 96-well plate and
96CM conditions, suggesting only a small effect of condi-
tioned medium on neural cultures grown in 96-well plates.
Finally, PC3 was defined by genes that were differentially
expressed when spNPCs were directly co-cultured with
BMECs within the Chips (Chip + BMEC). DAVID analysis
highlighted genes associated with extracellular matrix,
secreted signaling peptides, and endothelial cell interac-
tion pathways.

Figure 4. Spinal Cord-Chip Induces Neuronal Differentiation and Vascular Interaction Gene Expression

(A) GFP-spMN isolation schematic. Nuclear GFP expressing spNPCs seeded on top channel with isogenic non-GFP expressing BMECs on
bottom. FACS conducted on FITC to purify neural cells after BMEC co-culture.

(B) Single population histogram of Chips seeded only with non-GFP BMECs (black) or GFP-spMNs (green) that defined negative and
positive fractions, respectively. Number of events is displayed on y axis and FITC intensity on x axis.

(C) Mean RPKM data of previously published BMECs (black), purified neural cells incubated in the Spinal Cord-Chip alone (blue) or in the
presence of BMECs (orange). Canonical markers are claudin 5 (CLDN5), occluding (OCLN), Tight junction protein 1 (TIP1), Glut-1 (SLC2A1),
von Willebrand factor (VWF), Tie2 receptor (TEK), endoglin (ENG), and melanoma cell adhesion molecule (MCAM).

(D) Principal component (PC) analysis plots of PCs 1 and 2 (top) and PCs 2 and 3 (bottom). Arrows indicate weighting along the axis of each
respective PC.

(E) Top 200 ranked genes from each PC displayed as Z score calculated across all conditions for each row and indicated by colorimetric
scale. Each PC was entered into DAVID ontology pathway analysis and the top seven categories listed for each PC. The number of genes
(count) in each category is displayed with corrected significance values from DAVID analysis (Bonferroni).

(F and G) Differentially expressed genes contributing to the “Response to Protein Stimulus” and “Neural Differentiation” DAVID terms
enriched in PC2. RPKM data are averaged across sample replicates and normalized to 96-well plate control.

(H and I) Differentially expressed genes contributing to “Vascular Development” and “Extracellular Matrix” DAVID terms enriched in PC3.
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Spinal Cord-Chip Microenvironment Enhances
Neurogenic Programs in spNPC Cultures

Because PC2 elicited “Response to Protein Stimulus” and
“Neuron Differentiation” DAVID gene ontology categories,
we further investigated Spinal Cord-Chip induced genes
relating to neuronal maturation. Relative expression of
genes contributing to both categories was compared by
calculating a Z score for each gene across all samples (Fig-
ures 4F-4I). Genes associated with “Response to Protein
Stimulus” were upregulated in both Spinal Cord-Chip
conditions, suggesting increased endogenous signaling
activity resulting from the Spinal Cord-Chip micro-
environment. Among the induced genes, early growth
response gene 1 (EGR1) is known to be rapidly transcribed
in response to environmental stimulation and neuronal
activation (Lacar et al., 2016). Cyclin D1 (CCNDI) has
been shown to promote spMN neurogenesis in the devel-
oping spinal cord in a cell cycle-independent manner,
acting through a Notch-signaling effector pathway
(Lukaszewicz and Anderson, 2011). Within the “Neuron
Differentiation” category, transcription factors involved
in spinal cord fate specification (Ericson et al., 1997) were
also induced (Figure 4G). PAX6 is an intermediate neural
progenitor differentiation marker that regulates neuronal
cell cycle exit in the spinal cord. GLI2 and GLI3 were also
induced and act to regulate dorsal-ventral patterning in
the spinal cord (Persson et al.,, 2002). Upregulation of
ISL1 expression confirmed the staining in Spinal Cord-
Chips and further supported increased differentiation re-
sulting from the Spinal Cord-Chip microenvironment.
SLC1A3, also known as glutamate aspartate transporter or
GLAST, was increased in Spinal Cord-Chip conditions,
indicating a potential increase in glutamate transport. A
panel of neuronal subtype markers determined in the
mouse embryo (Lu et al., 2015) was then probed to identify
potential contributors to this increased activity. The Spinal
Cord-Chip significantly increased expression of V2a inter-
neuron subdomain markers (Figure S3D). When BMECs
were included, the signature shifted to V2b interneurons
indicated by NOTCH1 and GATA3 expression.

BMECs Induce Angioneurin and Extracellular Matrix
Gene Expression in Developing Neural Cultures in
Spinal Cord-Chip

Angioneurin signaling pathways related to vascular endo-
thelial growth factor (VEGF), Notch, and axon guidance
mechanisms are known to impact heavily on both
neuronal and vascular maturation in vivo. We therefore
next determined whether BMECs activated these pathways
when co-cultured with spNPCs in the Spinal Cord-Chip.
Results showed that within the “Vascular Development”
catagory the VEGFA receptor, KDR, was induced in
response to BMEC contact (Figure 4H). Finally, DLK1, a

1230 Stem Cell Reports | Vol. 10 | 1222-1236 | April 10,2018

potent inhibitor of Notch signaling, was increased, and
the Notch-activating ligands JAG1, DLL1, DLL3, and
DLL4 were all downregulated in response to BMEC
co-culture in the Spinal Cord-Chip (Figure S3C).

Within the “Vascular Development” category, cell
surface proteins important for both vascular infiltration
and neuronal outgrowth were expressed specifically in
response to BMEC co-culture (Figure 4H). Semaphorins
can have opposing effects on angiogenesis in vivo
(Gu and Giraudo, 2013), and in neurons are required for
axon guidance, synaptogenesis, and neuronal maturation
(Pasterkamp, 2012). Thrombospondin domain-containing
semaphorins 3A and 5A transcripts increased 2- and 5-fold
with the addition of BMECs. Chemokine receptor (CXCR4)
and ephrin B2 (EFNB2) are cell surface guidance molecules
that are required for motor neuron axon outgrowth, and
were also increased in response to BMEC co-culture.

Extracellular matrix proteins that are implicated in
neuronal maturation showed some of the greatest induc-
tion in response to BMEC interaction. Thrombospondin
1 (THBS1) of astrocyte origin has been shown to facilitate
synaptogenesis and maturation of iPSC-derived neurons
in vitro (Christopherson et al., 2005; Rushton et al.,
2013). Both THBSI and its cleavage partners ADAMTS1/
18 were significantly upregulated in the BMEC containing
Spinal Cord-Chip (Figure 41I). Finally, extracellular matrix
proteins in the collagen family are important constituents
of vascular basement membrane and neurovascular
niche. Expression of collagen family members COL5A2,
COL12A1, and most significantly COL14A1 (over 10-fold
expression) were significantly upregulated by neural
cultures in response to BMEC inclusion in the Spinal
Cord-Chip (Figure 4I).

Spinal Cord-Chip Induces Genes that Are Associated
with Fetal Development

The pathways induced in response to BMEC co-culture in
the Spinal Cord-Chip are known to be present in the
developing central nervous system. However, most studies
were primarily generated using animal models. To ensure
that induced pathways reflected those in the human
developing spinal cord and to determine the extent to
which these activated genes contributed to in vivo matura-
tion, we compared whole transcript data from the culture
conditions with datasets generated from primary human
spinal cord tissue. Published transcriptomic profiles of
fetal spinal cord at days 96 and 105 (purple) (Chadwick,
2012) and adult laser-captured spinal motor neurons of
a non-diseased cohort (green) (Batra et al., 2016) were
included and filtered to genes that were expressed in
both datasets, leaving 9,835 genes in the analysis (Fig-
ure S4A). PCA including in vivo and in vitro datasets illus-
trated no differential effects among culture conditions



(Figure S4B). However, a focused PCA based on the top
and bottom 200 ranked gene loadings from PC2 and
PC3 distinguished the culture conditions with respect to
in vivo fetal and adult spinal tissues (Figure SA). In this
reduced dataset, more discrete separation of experimental
replicates could be resolved. Along PC1, thawed day-12
spNPCs (black) were furthest from the fetal samples, fol-
lowed by cultured 96-well (gray) and 96CM (yellow) in
the positive direction. The Spinal Cord-Chip (blue) and
Spinal Cord-Chip containing BMECs (orange) conditions
registered more positively along the Dev-PC2 axis and
closer to the fetal samples, indicating that this condition
induces gene expression changes relevant to and promot-
ing in vivo spinal tissue development.

Spinal Cord-Chip Microenvironment Induces
Somatostatin Expression in iPSC-Derived spMNs
Dev-PC2 provided a ranked list of genes that contributed
to the in vivo fetal signature along the most positively
weighted genes. We therefore sought to determine
specific genes induced by Spinal Cord-Chip culture that
promoted an in vivo-like spinal cord signature. The 50
highest-weighted Dev-PC2 genes were compared across
all iPSC-derived cultures as before (Figure 5B). Angio-
neurin gene SEMASA approached levels similar to those
of in vivo samples; however, expression could not be
confirmed by antibody staining (data not shown). The
sixth-ranking gene in PC2 somatostatin (SST) was highly
expressed in the fetal spinal cord samples. In brain
samples both in vitro and in vivo, SST has been shown
to have trophic factor activity, influence synaptogenesis
and axonal pathfinding, and regulate cortical circuit
maturation (Ferriero et al.,, 1994; Tuncdemir et al.,,
2016). Compared with 96-well samples, Spinal Cord-
Chip containing spNPCs alone and in the presence of
BMECs induced 9- and 15-fold increased SST expression,
respectively. To confirm protein expression in vitro, we
cultured 96-well plate and EC/Spinal Cord-Chips as
before and stained them with SST antibody along with
MN markers ISL1 and SMI32. Pronounced SST staining
was observed in the Spinal Cord-Chip compared to
96-well both in the absence of BMECs, and to a greater
extent with BMEC co-culture (Figure 5C). Expression
was co-localized with SMI32-positive staining and prox-
imal to ISL1 nuclear staining in the mixed culture,
providing evidence that SST expression was specific to
iPSC-derived spMNs. To determine whether MN localiza-
tion of SST was consistent with developing spMN pools
in vivo, we immunostained human fetal spinal cord at
day 67 for SST and MN markers ISL1 and SMI32 (Fig-
ure 5D). ISL1-positive spMN pools could be visualized
in the ventral horn that again contained positive stain-
ing for SST, confirming MN specificity in vivo. Thus the

Spinal Cord-Chip had captured the expression kinetic
of a key developmental molecular marker in human fetal
spinal motor neurons.

DISCUSSION

Models of human neuronal physiology that direct
differentiation of stem cells to specific neuronal fates in
monoculture have yielded a great deal of insight into basic
intracellular mechanisms governing potency, lineage
commitment, and function. However, more complex or-
gan-level physiology, and often disease pathogenesis,
involve a variety of specialized cell types, and this intricate
combination may be vital to accurately model disease
in vitro. For instance, in ALS a specific neuronal subtype,
the spMN, is highly vulnerable; however, additional cell
types such as astrocytes (Haidet-Phillips et al., 2011; Zhong
et al., 2008), microglia (O'Rourke et al., 2016), vasculature
(Zhong et al., 2008), and other neuronal subtypes such as
the cortical motor neuron (Thomsen et al.,, 2014) all
contribute to pathophysiology. The Spinal Cord-Chip
system permits the study of these multiple cell types as
demonstrated here by the specific contribution of BMECs
on neuronal maturation.

To address these inherent limitations in monolayer
culture, self-organizing 3-dimensional neural clusters
known as brain organoids can develop into highly diverse,
semi-organized tissues, which contain many neural
subtypes that emerge in patterns reminiscent of the
developing brain (Birey et al.,, 2017; Lancaster et al.,
2013). Even after long periods in culture, however, organo-
ids stall developmentally (Akhtar et al., 2017). This has been
attributed to a lack of vascular-mediated perfusion that
has not been successfully implemented into 3-dimensional
neural tissues. In addition, inherent variation between
individual organoids, resulting from a lack of control in
spatial organization and emergence of neuronal subtypes,
presents a challenging setting in which to determine
disease-specific mechanisms in patient-derived lines.

Previous in vitro studies that focus on the interplay of
vascular endothelium through media conditioning have
shown enhanced neurogenic potential of primary mouse
cortical neural stem cells (Shen et al., 2004). However,
soluble factors secreted by human iPSC-derived BMECs
were not a major driver of transcript expression and
spontaneous neuronal function in this study. Whether
this difference is a result of iPSC origin and differentiation,
or whether BMECs in the adult neurovascular stem cell
niche are functionally distinct from microvasculature in a
developing context, or whether the difference is due to spe-
cific aspects of the microenvironment offered by this Or-
gan-Chip system, remains unclear. Previous Organ-Chip
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Figure 5. BMECs Induce Vascular Interaction Gene Expression in Spinal Cord-Chip

(A) Principle component (PC) analysis comparing expression data of differentially expressed genes from PC2 and PC3 and including in vivo
adult laser-captured spMNs (green), in vivo fetal spinal cord (purple), and in vitro experimental data (black, gray, yellow, blue, and orange).
(B) Heatmap of top ranking genes from Dev-PC2 that describe variance in fetal gene expression. Z score calculated from log, RPKM data per
gene row and displayed by colorimetric scale.

(C) Representative images of 96-well plate (96-well) and Spinal Cord-Chips co-cultured with BMECs (EC/Spinal Cord-Chip) immunostained
with SST and spMN markers SMI32 and ISL1. Scale bars, 40 pum.

(D) Whole-mount image of day-67 human fetal spinal cord (top) immunostained with SST, SMI32, and ISL1; (bottom) ventral horn
ISL1-positive spMN pool (box) co-expressing SST. Scale bars, 200 um (top) and 40 um (bottom).
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models involving human neural and endothelial interac-
tion have used human umbilical vein endothelial cells
(Griep et al., 2013; Xu et al,, 2016; Ye et al., 2014) or,
more recently, iPSC sources of endothelial cells (Schwartz
et al.,, 2015; Wang et al.,, 2017). While these studies
provided an important focus on the barrier properties of
endothelial cells and toxicology, they lacked detailed
assessment of neuronal function and maturation resulting
from Chip co-culture.

The expression of transcription factor ISL1 in BMECs was
a surprising finding and could mediate common signaling
between the two cell types, such as angioneurins, that were
also upregulated in co-culture. Although BMEC ISL1 activ-
ity on vascular development and interaction with the
developing neural tube is unknown, ISL1 knockout mice
with ablated spMN pools also displayed compromised
vasculature (Pfaff et al., 1996), implicating ISL1 as required
in both vascular and spMN development. Transcriptomic
profiling of BMECs from human brain tissue showed a
lack of ISL1 expression the adult, indicating potential
developmental specificity (Zhang et al., 2014).

While several neuronal genes were upregulated in
response to BMECs, SST was particularly intriguing as its
presence and function in developing spMNs remains
largely unknown. In the brain, SST expression is mainly
present in GABAergic inhibitory interneurons (Urban-
Ciecko and Barth, 2016) and is a key regulator of motor cor-
tex activity during motor learning (Chen et al.,, 2015b).
Electrophysiological signatures of SST-expressing neurons
in the neocortex are characterized by a low threshold for ac-
tion potential firing and high levels of spontaneous activity
that can be activated by acetylcholine (Chen et al., 2015a).
In amouse model of ALS, SST interneuron hyperactivity led
to sustained disinhibition of cortical motor neurons and
cell death (Zhang et al., 2016). Within a developmental
context, in a meta-analysis of published human embryonic
and adult spinal cord microarray data, SST was determined
to be a major contributor to spinal cord maturity (Ho et al.,
2016). This, coupled with data here showing SST protein
co-localization with ISL1 spMN pools in human fetal spinal
cord, suggests that SST could be a critical neuropeptide in
human spMN development and disease. The specific
expression of SST resulting from Spinal Cord-Chip culture
indicates that the Chip platform and co-culture may help
increase the physiological relevance of iPSC-derived neuro-
logical models, thereby increasing the capacity to analyze
functional and pathological mechanisms of the human
central nervous system.

Pr is a very powerful model of a neural system wherein
neural and endothelial cells co-exist to better mimic
in vivo development. In particular, the 7-pm size of the
membrane pores was ideal for interaction of BMECs
with neural cells and allowed migration of the endothe-

lial cells through the pores to the neural side of the
device. That said, reducing the diameter size of the pores
may be necessary to inhibit BMEC infiltration into the
top channel for a more separated neural/endothelial sys-
tem. However, this could also lead to lack of maturation
as seen in the current study. The relatively short incuba-
tion time was chosen to provide reliable data for the
initiation and influence of BMEC contact and microenvi-
ronment culture on iPSC-derived neural differentiation as
is observed in vivo. However, longer-term cultures may
provide additional enhancements in maturation. Criti-
cally, sustained Spinal Cord-Chip culture can provide a
platform for controlled administration of prospective
therapeutics through the vascularized compartment to
the patient-derived neural tissue. This application would
allow an unprecedented tool to study human blood-
spinal cord barrier penetrance and neural activity modu-
lation, and critically, to elucidate disease mechanisms for
therapeutic discoveries.

EXPERIMENTAL PROCEDURES

Induced Pluripotent Stem Cell Culture and Directed
Differentiation into spMNs and BMECs

Two human iPSC lines (83iCTR and 00iCTR) used in this study
were previously derived from non-diseased control patient
fibroblasts under the direction and approval of Cedars-Sinai
Internal Review Board using a non-integrating system (Mattis
etal., 2015). Spinal motor neuron derivation was based on the pre-
viously published protocol (Du et al., 2015) with modifications.
BMECs were differentiated as described previously (Lippmann
et al., 2014).

Organ-Chip Culture

Chips were seeded with BMECs at a concentration of 25,000 cells/uL
and allowed to attach to the membrane. Later spNPCs were thawed
and seeded at a density of 6,000 cells/pL and incubated overnight
before flushing with fresh medium. Differentiation medium was
then replaced every other day with approximately 25 pL in the
main channel and an extra 25 pL in the reservoir tips on either
side for 6 days.

Imaging and Population Analysis

Confocal images were acquired using an Al confocal microscope
(Nikon) using a Plan Apo 10x objective at 1-um increments. Fig-
ure 2D was generated from auto-stitching three confocal stacks
and using maximum projection for each channel at 10x (Nikon
Elements). For population and ISL1 nuclei analysis, three representa-
tive sites per Chip were acquired in 3 chips per condition over three
experiments. Images were then cropped to only top channel using
IMARIS software. GFP-positive nuclei were quantified for each site
using a spots algorithm and averaged per Chip. ISL1-positive nuclei
were quantified by filtering GFP-positive data by ISL1 co-localization.
Population statistics were determined by one-way ANOVA using
PRISM (GraphPad).
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Transcriptomic Analysis

Three Chips or three wells of a 96-well plate were dissociated and
pooled for each experimental replicate for a total of three
replicates. Pooled samples were sorted using an Influx FACS sorter
(Becton Dickinson). GFP-positive gating was established using Spi-
nal Cord-Chip seeded exclusively with 83iGFP spMNs for a posi-
tive control and 83iCTR BMEC:s for a negative control. All samples
were sorted using this established gating. Positive fraction cell
pellets were frozen at —80°C until processing. RNA-seq libraries
were generated using the Illumina TruSeq Kit, sequenced on a
Nextseq500 by 75-bp single reads, and aligned to the hg19 human
genome using TopHat2. Rseqtools was used to quantify UCSC an-
notated transcripts to RPKM, and these transcripts were annotated
with unique HGNC gene symbols by taking the maximum RPKM
value. Genes not detected in each replicate at above 0.5 RPKM for
at least one condition were removed from the analysis to reduce
false positives due to sequencing noise. To allow log transforma-
tion of zero values for plotting, we added 1 RPKM to all data.
RPKM values were normalized by quantile normalization across
all samples for cross-comparison and relevant statistics were calcu-
lated using R statistical software. PCA was generated from normal-
ized log-transformed data by Cluster 3.0 software. Heatmaps were
generated by calculating Z score and superimposing normalized
RPKM data on each cell using Excel (Microsoft).

Live Calcium Transient Imaging Analysis

Calcium activity was counted by tracing region of interest (ROI) in
blinded fashion and creating masks (Image]) for use in extracting
florescence intensity data. Active neurons were selected by having
at least one transient that returned to baseline within 20 s. Neurons
were quantified across three separate experiments, two included
spMNs derived from 83iGFP line with four biological replicates
totaling 128-232 neurons per condition, and one included spMNs
derived from O0iCTR line with two replicates totaling 144-278 neu-
rons per condition. dF/F traces and transient events were generated
from ROI using the modified MATLAB open-source package
FluoroSNNAP and automated calcium event detection was accom-
plished through template libraries at a threshold of dF/F > 0.05 (Patel
etal., 2015). Events were then curated manually by blinded counter.
Statistics of calcium transient frequency were determined by multiple
comparison-corrected one-way ANOVA using PRISM (GraphPad).

ACCESSION NUMBERS

Transcriptomic datasets generated from iPSC-derived spMNs were
uploaded to GEO under the series number GEO: GSE110826.
Additional downloaded datasets were as follows: Fetal spinal cords
from day 96, GEO: GSM1101679 and day 105, GEO: GSM1101711.
Adult non-diseased control laser-capture microdissected tissue from
series GEO: GSE76220 were GEO: GSM1977027, GSM1977028,
GSM1977029, GSM1977030, GSM1977031, GSM1977032,
GSM1977033, and GSM1977034.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures and four figures and can be found with this article on-
line at https://doi.org/10.1016/j.stemcr.2018.02.012.
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