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A B S T R A C T   

Aberrant cortical development is a key feature of neurodevelopmental disorders such as autism spectrum dis
order and schizophrenia. Both genetic and environmental risk factors are thought to contribute to defects in 
cortical development; however, model systems that can capture the dynamic process of human cortical devel
opment are not well established. To address this challenge, we combined recent progress in induced pluripotent 
stem cell differentiation with advanced live cell imaging techniques to establish a novel three-dimensional 
neurosphere assay, amenable to genetic and environmental modifications, to investigate key aspects of human 
cortical development in real-time. For the first time, we demonstrate the ability to visualise and quantify radial 
glial extension and neural migration through live cell imaging. To show proof-of-concept, we used our neuro
sphere assay to study the effect of a simulated viral infection, a well-established environmental risk factor in 
neurodevelopmental disorders, on cortical development. This was achieved by exposing neurospheres to the viral 
mimic, polyinosinic:polycytidylic acid. The results showed significant reductions in radial glia growth and neural 
migration in three independent differentiations. Further, fixed imaging highlighted reductions in the HOPX- 
expressing outer radial glia scaffolding and a consequent decrease in the migration of CTIP2-expressing cortical 
cells. Overall, our results provide new insight into how infections may exert deleterious effects on the developing 
human cortex.   

1. Introduction 

The cerebral cortex is responsible for higher cognitive function in 
humans. It is a laminated structure that contains a bewildering diversity 
of neurons and complex networks of connections. Intriguingly, these 
cortical cells can be traced back to just a few neuronal progenitors at the 
start of cortical neurogenesis (Miller et al., 2019). Through a set of 
tightly coordinated events, these neuronal progenitors undergo prolif
eration, migration, differentiation, and functional integration into 
neuronal circuitry (Miller et al., 2019). Defects in this process are 
thought to contribute to neurodevelopmental disorders such as autism 
spectrum disorder (ASD) and schizophrenia, affecting more than 1 % of 
the population worldwide (Frances et al., 2022; Zeidan et al., 2022; 
Charlson et al., 2018). This is supported by findings that genetic and 
environmental risk factors in ASD and schizophrenia exert deleterious 

effects on cortical developmental processes (Gulsuner et al., 2013; Sat
terstrom et al., 2020; Warre-Cornish et al., 2020; Handunnetthi et al., 
2021). An environmental risk factor of interest in neurodevelopmental 
disorders is viral infection during gestation, which coincides with key 
cortical developmental processes (Saatci et al., 2021; Jiang et al., 2016). 
This has been studied in animal models using polyinosinic:polycytidylic 
acid (polyI:C), a double-stranded synthetic RNA molecule that mimics 
viral infections (Vasistha et al., 2020; Haddad et al., 2020). 

Human cortical development is astonishingly complex (Miller et al., 
2019). At the start, neuroepithelial cells transform into radial glia cells, 
establishing the ventricular zone. The ventricular radial glia cells not 
only undergo self-renewal but also produce nascent neurons. These 
neurons then migrate along the radial fibres of ventricular glia to create 
the deep layers of the cortex. In parallel, the ventricular radial glia cells 
generate intermediate progenitor cells and outer radial glial cells that 
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migrate into the expanded outer subventricular zone in humans. The 
outer radial glia cells subsequently develop into the predominant source 
of neurons that create the upper layers of the cortex and become an 
essential part of cortical development (Hansen et al., 2010). These finely 
orchestrated events are susceptible to disruption by genetic and envi
ronmental factors linked to neurodevelopmental disorders. 

Therefore, modelling aspects of cortical development is a key 
research goal in neurodevelopmental disorders. However, this has been 
difficult to achieve for several reasons. First, previous studies have 
focused on rodent models (Ducker et al., 2020) but human cortical 
development differs from that of rodents. For example, the outer radial 
glia population is largely missing in mouse brains, but these cells form 
an essential part of human cortical development (Hansen et al., 2010). 
Second, neural cell migration is a highly dynamic process making it 
difficult to visualise over time. As a result, previous studies have 

analysed only a few time points in fixed samples, providing poor tem
poral resolution (Brennand et al., 2015; Delaloy et al., 2010). This lack 
of temporal resolution has hindered our ability to understand the precise 
cellular substrates that contribute to neurodevelopmental disorders. To 
address this challenge, first we combined recent progress in induced 
pluripotent stem cell (iPSC) differentiation with advanced live cell im
aging techniques to establish a novel three-dimensional neurosphere 
assay, amenable to genetic and environmental modifications. Second, 
we created an automated pipeline for high throughput image analysis. 
Subsequently, we applied polyI:C to our neurosphere assay to assess how 
a simulated viral infection could influence cortical developmental 
processes. 

Fig. 1. Experimental pipeline and iPSC derived cortical linage neuronal progenitor cells and cortical neurons. A: Schematic representation of neurosphere formation 
and live imaging B: PAX6 expressing primary neuronal progenitors. C: TBR2 expressing intermediate neuronal progenitor cells. D and E: CTIP2 expressing deep 
cortical layer neurons. F and G: BRN2 expressing upper-layer cortical neurons. 
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2. Materials and methods 

2.1. IPSC differentiation and neurosphere formation 

HPSI0114i-Kolf_2 human induced pluripotent stem cells from a sin
gle donor were purchased from the Wellcome Sanger Institute (Bio
sample: SAMEA2547615) and maintained in Essential 8 medium 
(Thermo Fisher Scientific A1517001) on Vitronectin (Thermo Fisher 
Scientific CTS279S3) coated tissue culture dishes. The iPSC line was 
karyotypically normal (supplementary Fig. 3), their pluripotency was 
confirmed based on the expression of OCT4 and NANOG using immu
nofluorescence and flow cytometry (supplementary Figs. 1 and 2). 
Subsequently, the iPSCs were differentiated into neuronal progenitor 
cells and cortical neurons as described previously (Shi et al., 2012). 
Briefly, neuronal induction was carried out using 1uM Dorsomorphin 
(Bio-Techne, 3093/10) and 10 uM SB431542 (Tocris Bioscience, 1614) 
in neuronal maintenance medium (NMM) (supplementary table 1). The 
appearance of a neuroepithelial sheet was noted after 8–12 days. At this 
point, the neuroepithelial cells were dissociated using 2 mg/mL Dispase 
II (Gibco™ 17105041) and replated on growth factor reduced matrigel 
coated plates. Upon appearance of neural rosettes, the cells were 
maintained in 20 ng/mL FGF2-supplemented NMM for 4 to 5 days. 

The experimental pipeline for neurosphere formation to live imaging 
is schematically summarised in Fig. 1A. On day 25, the cells were 
dissociated into single cells using Accutase (Gibco™ A1110501) and 
subsequently reaggregated in 96-well V-bottom plates to form three 
dimensional neurospheres. Each neurosphere contained approximately 
10,000 neuronal progenitors. The experimental condition underwent 
polyI:C (100 µg/ml) stimulation 12 h prior to the start of live cell im
aging. Live imaging of neurospheres took place immediately after the 
stimulation period on 24 well plates coated with Poly-l-ornithine (Sigma 
P4957) and Matrigel (Corning, 354230). Three neuronal inductions and 
differentiations were carried out. These were treated separately 
throughout neurosphere formation, live imaging and analysis. All neu
rospheres were constructed at day 25 of the neuronal differentiation to 
keep developmental timepoint consistent between replicates. A total of 
46 neurospheres (corresponding to differentiation 1 = 15 neurospheres, 
differentiation 2 = 14 neurospheres, and differentiation 3 = 14 neuro
spheres) were imaged. 

The cortical identity of neurospheres was checked based on the 
appearance of PAX6 expressing primary neuronal progenitors and TBR2 
expressing intermediate neuronal progenitors. In parallel, a proportion 
of neuronal progenitors were further differentiated in 2D culture to 
confirm the appearance of cortical neurons. After 90 days in culture, the 
presence of both CTIP2 expressing deep layer and BRN2 expressing 
upper layer neurons was checked using immunofluorescence. 

2.2. Live image acquisition and analysis pipeline 

For live cell imaging, neurospheres grown in 24-well optical 
bottomed plates (Ibidi 82426) were incubated with SiR-Tubulin and 
SPY-555-DNA at 100 nM concentration 2 h prior to imaging. All images 
were acquired using an Olympus IXplore Spin-SR, using a 50 μm pinhole 
confocal spinning disk and a Hamamatsu ORCA Fusion BT camera. 140 
μm z-stacks with a z spacing of 10 μm were taken every 30 min over a 
total time course of 48 h. These stacks were captured as tiled regions 
using a 10x, 0.4NA air Objective lens. See supplementary table 3 for 
individual channel and filter details. Live cell migration analysis was 
performed using an automated pipeline created in Arivis AG, Germany 
(https://www.arivis.com). First, maximum projections were generated 
from the image z-stacks. The projected (max-intensity) images were then 
processed to smooth the channels using closing and mean filters. An 
intensity threshold was then applied to define the migrating progenitor 
cells using nuclear staining and radial fibre regions based on tubulin 
staining. Further filtering to segments was applied based on size to 
exclude small artifacts, after which the area was calculated at each 

timepoint. 

2.3. Immunofluorescence 

Cells grown on 24 well plates (Ibidi 82426) were fixed in 4 % 
paraformaldehyde for 15 min. The cells were permeabilized using 0.1 % 
Triton-X100 in PBS for 15 min and blocked for 1 h with 0.5 % BSA in 
PBS. Subsequently, the cells were stained with primary antibodies 
diluted in 0.5 % BSA in PBS at 4 ◦C overnight. Details of primary anti
bodies can be found in supplementary table 5. The cells were washed 
and incubated with secondary antibodies (Goat anti-Mouse IgG Alexa 
Fluor™ 488, Invitrogen A11029, Goat anti-Rabbit IgG, Alexa Fluor™ 
568, Invitrogen A11036) diluted 1:1000 in PBS, for 1 h at room tem
perature. Also, the cells were stained with 1 µM DAPI. Images were 
acquired using an Olympus IXplore Spin-SR, using a 50 μm pinhole 
confocal spinning disk and a Hamamatsu ORCA Fusion BT camera. 50 
μm z-stacks with a z spacing of 2 μm were captured as tiled regions using 
a 20x, 0.8NA air objective lens. See supplementary table 4 for individual 
channel and filter details. Maximum intensity z projections were 
generated from acquired z stacks and analysed with an automated 
pipeline created in Arivis. A combination of image pre-processing and 
segmentation was used to generate regions of interest from which data 
was generated, details can be found in Supplementary figures 5–7. 

2.4. RNA extraction 

Neuronal progenitors were plated on 12 well plates (Greiner 
665180) and expanded until day 25. At this point, cells underwent polyI: 
C stimulation or no stimulation. Subsequently, the cells were lysed in 
RLT buffer (RNeasy mini kit, QIAGEN, 74104). RNA was extracted from 
lysates using the QIAGEN RNeasy mini kit according to manufacturer’s 
instructions, and included a DNase I treatment step (QIAGEN, 79254). 
RNA concentrations were measured on a NanoDrop (NanoDrop 1000, 
Thermo Fisher). 

2.5. Quantitative PCR 

cDNA was synthesised from 200 ng of total RNA using UltraScript™ 
cDNA Synthesis Kit (PCR Biosystems, PB30.11–10) in 20 µl total reaction 
volume. Samples were incubated at 42 ◦C for 30 min, followed by 10 min 
at 85 ◦C to denature RTase. Samples were diluted 1:4 in DNase and 
RNase free water before use. Quantitative PCR was performed using 
PowerUp™ SYBR™ Green Master Mix (Thermo Fisher, A25742), set up 
in 10 μl reactions as per manufacturer’s instructions, using 2.5 ng cDNA 
template. qPCR reactions were performed on the CFX96 Touch Real- 
Time PCR Detection System (BioRad). Cycling conditions can be found 
in supplementary table 6. Three biological replicates were tested per 
condition, and each sample was run in triplicates. Primers (Thermo 
Fisher) were designed for the housekeeping gene (TBP) and cortical 
marker gene (CTIP2) using NCBI Primer-BLAST. Sequences can be found 
in supplementary table 7. PCR results were analysed and the relative 
gene expression was determined using the ΔΔCT method, using TBP as 
the reference gene and the average ΔCT values of the WT group as the 
control. 

2.6. Statistical analysis 

The ‘lmer4′ package in R was used to assess the relationship between 
time and two separate outcomes of interest in this study, 1) radial glia 
growth and 2) neural migration. The neurospheres were either unsti
mulated or stimulated with polyI:C. The following two linear mixed 
effects models were used to explore the association between time and 
individual outcomes: 

Model 1: Outcome ~ Time + Stimulation Status (1 + Time| 
Neurospheres). 

Model 2: Outcome ~ Time × Stimulation Status (1 + Time| 
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Neurospheres). 
The first model included one fixed effects parameter, status of 

stimulation with PolyI:C. This modelled two regression lines (stimulated 
vs. unstimulated) that have different starting points (i.e. intercepts) but 
the same rate of change in outcome (i.e. identical slopes). The second 
model included another fixed effects parameter, an interaction term 
between status of stimulation and time. This modelled two regression 
lines (stimulated vs. unstimulated) that have different starting points (i. 
e., intercepts) and different rates of change in outcome (i.e. different 
slopes). Both models included the following random effects parameters: 
1) each neurosphere sample (i.e. random intercepts) and 2) average 
change in outcome per unit time for each neurosphere sample (i.e. 
random slopes). A likelihood ratio test was carried out to identify the 
model with a better fit to the data. In parallel, radial glia growth and 
neural migration areas in fixed neurosphere were compared between 
stimulated and unstimulated conditions using a two-tailed t-test and a 
significance threshold of 0.05. 

3. Results 

3.1. Establishment of IPSC derived neuronal progenitors of cortical 
lineage 

We differentiated human iPSCs into neuronal progenitors and 
cortical neurons. The cortical linage of these cells was confirmed using 
immunofluorescence. First, we demonstrated that our iPSC lines 
retained pluripotency through the expression of OCT4 and NANOG 
(supplementary Figs. 1 and 2). Second, we confirmed the appearance of 

primary and intermediate neuronal progenitor cells of cortical linage 
using PAX6 and TBR2 respectively (Fig. 1B and 1C). Third, we demon
strated that these neuronal progenitor cells gave rise to both CTIP2- 
expressing deep cortical neurons and BRN2-expressing upper-layer 
cortical neurons (Fig. 1D-1G). 

We used neuronal progenitor cells from day twenty-five of differ
entiation to make neurospheres (Fig. 1A). We demonstrated the tem
poral evolution of neurospheres and the appearance of intermediate 
progenitor cells and cortical neurons using immunofluorescence (Fig. 2A 
and 2B). Specifically, we found an increasing number of TBR2 express
ing intermediate progenitor cells appearing over time (Fig. 2B). Simi
larly, an increasing number of nascent CTIP2 expressing cortical neurons 
migrated along the radial fibres over time (Fig. 2A). 

3.2. Live cell imaging captured and quantified key aspects of human 
cortical development 

We were able visualise key aspects of human cortical development in 
live cells for the first time. We captured time-lapse images of neuro
spheres every 30 min over a period of 48 h using Spin-SR microscope 
system (Olympus) (video 1). We captured the growth of radial fibres 
away from the central mass of cells (Fig. 3A, bottom panel) and migration 
of neural cells along the radial fibres (Fig. 3A, middle panel). 

We demonstrated the ability to robustly quantify radial glia growth 
and neural cell migration over time in our live neurosphere assay. The 
automated pipeline for image analysis successfully defined migrating 
neural cells and radial fibre extensions based on nuclear and tubulin 
staining, respectively (supplementary Fig. 4 and supplementary movies 2 

Fig. 2. Evolution of neurospheres over three time points 6-, 12-, and 24-hours using immunofluorescence. Top panel: Appearance of CTIP2 expressing deep cortical 
layer neurons over time. 3X and 14X zoom panels show the migration and differentiation of CTIP2 expressing neurons as they reach the outer edge of neurospheres. 
Bottom panel: Appearance of TBR2 expressing intermediate neuronal progenitor cells over time. 3X and 14X zoom panels show the appearance of TBR2 expressing 
intermediate neuronal progenitors within the radial extensions of neurospheres over time. 
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Fig. 3. Evolution of neurospheres over time using live cell imaging and their quantification. A: Single neurosphere over time as observed through live imaging at four 
selected time points. The top panel shows combined radial glia (Tubulin) and nuclei of migrating neural cells (DNA) at four selected time points 0, 12, 24, 36 and 48 
h. The middle and bottom panels show the breakdown of nuclei of migrating neural cells (DNA) and radial glia (Tubulin) respectively at 0, 12, 24, 36 and 48 h. The 
middle and bottom panels show the breakdown of nuclei of migrating neural cells and radial glia respectively at time points 0, 12, 24, 36 and 48 h. B: Radial glia 
growth over time in each individual neurosphere is presented for three separate neuronal differentiations. Colours represent the stimulation status, red = polyI:C 
stimulation and blue = no stimulation. The solid line is the mixed effects linear models showing radial glia extension based on stimulation status over time. The grey 
area is the 95 % confidence interval. C: Neural migration over time in each individual neurosphere is presented for three separate neuronal differentiations. Colours 
represent the stimulation status, green = polyI:C stimulation and purple = no stimulation. The solid line is the mixed effects linear models showing radial glia 
extension based on stimulation status over time. The grey area is the 95 % confidence interval. 
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and 3). Quantification of radial glia growth and neural migration for 
individual neurospheres was carried out for three separate neuronal 
differentiations and subsequent neurosphere assays as shown in Fig. 3B 
and 3C, respectively. 

3.3. Viral mimic polyI:C disrupts neural migration and radial fibre 
extension over time 

We used polyI:C, a well-established viral mimic through its effects 
specifically on the Toll-like receptor 3 pathway, to recapitulate infection 
twelve hours prior to live imaging. Linear mixed effects model showed 
that radial glia growth was greater in unstimulated neurospheres rela
tive to stimulated neurospheres by 0.028 mm2/hour (SE:0.0046 mm2/ 
hour, p = 1.78e-05) for Differentiation 1, 0.029 mm2/hour (SE:0.0040 
mm2/hour, p = 3.6e-06) for Differentiation 2, and 0.020 mm2/hour 
(SE:0.0030 mm2/hour, p = 4.27e-06) (Fig. 3B). A likelihood-ratio test 
indicated that a model that included the interaction between time and 
stimulation status (i.e. allowing different rates of growth based on 
stimulation status) was better fit for radial glial growth data (χ2 = 18.9p 
= 1.33e-05 for Differentiation 1, χ2 = 22.2p = 2.55e-06 for Differenti
ation 2, χ2 = 21.7p = 3.18e-06 for Differentiation 3). Also, linear mixed 
effects model identified that neural cell migration was greater in unsti
mulated neurospheres by 0.011 mm2/hour (SE:0.0025 mm2/hour, P =
0.0009) for Differentiation 1, 0.015 mm2/hour (SE:0.0018 mm2/hour, P 
= 1.56e-06) for Differentiation 2 and 0.010 mm2/hour (SE:0.001 mm2/ 
hour, P = 3.21e-08) (Fig. 3C). Similarly, a model that included the 
interaction between time and stimulation status (i.e. allowing different 
rates of growth based on stimulation status) was a better fit for neural 
migration data (χ2 = 11.5, p = 0.0007 for Differentiation 1, χ2 = 23.9, p 
= 1.07e-06 for Differentiation 2, χ2 = 31.4, p = 2.11e-08 for Differen
tiation 3). 

To further understand the effects of polyI:C on cortical development, 
we carried out a series of immunofluorescence experiments using fixed 
neurospheres after 48 h of growth (Fig. 4). In line with our results from 
the live cell assay, we found that polyI:C stimulation resulted in a sig
nificant reduction in the size of the outer area within the neurospheres 
corresponding to radial glia extensions (Fig. 4A and 4B, p = <0.0001). 
Specifically, we found that the area covered by HOPX-expressing outer 
radial glia cells, which function as a glial scaffold to support neuronal 
migration, was substantially lower in neurospheres that underwent 
polyI:C stimulation (Fig. 4A and 4D, p = <0.0001). 

Next, we investigated if polyI:C could influence CTIP2-expressing 
cells that migrate along the radial glia extensions to form the deep 
layers of the cortex. We found that the intensity of CTIP2 was signifi
cantly reduced within the outer area of polyI:C exposed neurospheres 
(Fig. 4E, p =<0.0001). Subsequently, to test whether this observation is 
a result of defective migration or a direct effect on the expression of 
CTIP2, we calculated the number of CTIP2-expressing nuclei adjusting 
for the size of the outer area. We found a greater number of CTIP2- 
expressing nuclei per mm2 in the polyI:C exposed neurospheres 
(Fig. 4F, p =<0.0001), suggesting that overall reduction of CTIP2 in the 
neurospheres is linked to halted migration due to the disorganised glial 
scaffold, rather than the direct effect of polyI:C on CTIP2 expression. We 
subsequently carried out gene expression analysis using RT-qPCR of 
neuronal progenitor cells. In line with our findings from our immuno
fluorescence experiments, we did not observe a change in CTIP2 
expression following polyI:C stimulation (supplementary figure 8). 

4. Discussion 

We provide a novel neurosphere assay to model key aspects of 
human cortical development using iPSC derived neural progenitor cells 
and state-of-the-art live cell imaging and analysis. We demonstrate the 
ability to visualise and quantify cortical developmental processes in live 
human cells for the first time. This assay represents a substantial step 
forward in modelling human cortical development. The neurosphere 

assay offers several advantages over neural rosettes in cortical organoids 
and organotypic cultures from fetal brain tissues. First, neurospheres are 
highly scalable and can be made from stored neuronal progenitors 
providing greater experimental flexibility. Second, neurospheres offer a 
stage to study live individual cells and quantify developmental processes 
in greater detail e.g. capturing the dynamic process of radial glia 
extension. Third, the live cell probes do not hinder the subsequent 
ability to study specific makers of interest following fixation, allowing 
for its integration with classical immunofluorescence techniques. A key 
feature of our work was the accompanying automated pipeline that not 
only facilitated high throughput image analysis but also eliminated 
investigator bias linked to manual analysis techniques. Importantly, this 
neurosphere assay is amenable to genetic and environmental modifi
cations, and thus offers a unique platform to study the effects of genetic 
and environmental risk factors linked to neurodevelopmental disorders 
in future research. 

We applied our neurosphere assay to study the effects of a simulated 
viral infection. The neurospheres were constructed using neuronal 
progenitor cells at the start of cortical differentiation, which represents a 
relevant timepoint for neurodevelopmental disorders. We used polyI:C, 
a synthetic double stranded RNA molecule and well-established viral 
infection mimic, to simulate viral infection and identified that both 
radial glia growth and neural cell migration were substantially reduced 
over time. These findings were further supported by immunofluores
cence experiments that demonstrated polyI:C stimulation led to reduced 
growth of HOPX-expressing outer radial glia scaffold, which would 
eventually give rise to the upper cortical layer neurons. On the other 
hand, the migration of CTIP2-expressing deep cortical layer cells was 
halted while its expression was unaffected in polyI:C exposed neuro
spheres. Collectively, our findings provide insight into how viral in
fections could lead to differential functional effects on the upper and 
deeper layer neurons in the developing human cortex. 

The results from this study are in line with epidemiological studies 
that show maternal infections during pregnancy increase the risk of 
neurodevelopmental disorders in the offspring (Saatci et al., 2021; Jiang 
et al., 2016). Further, previous work by Bhat et al has shown that iPSC 
derived neuronal progenitors from schizophrenia patients display an 
attenuated transcriptional response to interferon-gamma treatment 
compared to controls (Bhat et al., 2022), highlighting a potential role for 
gene-environmental interactions. Future work using this neurosphere 
assay could explore this by combining gene editing techniques with 
infection mimics. Furthermore, previous work in rodent models support 
the findings from this study. In particular, maternal immune activation 
models have shown that polyI:C induced gene expression and methyl
ation changes not only mapped to cortical cells but also were enriched 
among disease linked genes (Handunnetthi et al., 2021; Johnson et al., 
2022). Furthermore, Canales et al found that maternal polyI:C exposure 
led to perturbation in neuronal migration during cortical development 
(Canales et al., 2021). Specifically, the authors found reductions in 
cortical cell populations including CTIP2- cells, which is consistent with 
our own observations of reduced CTIP2- cell migration in fixed 
neurospheres. 

This study has several key strengths. The neuronal progenitors are 
derived from human iPSCs and thus provide insight into the unique 
cortical development in humans. Also, this is the first-time non-toxic live 
imaging probes have been used to study neural migration, providing 
valuable temporal insight into these dynamic processes that were not 
previously captured. Further, our automated analysis pipeline makes 
this assay high throughput and eliminates the potential for investigator 
bias. Although, the neurosphere assay did not directly measure cell 
proliferation, this can be indirectly estimated through tracking of indi
vidual nuclei and measuring neurosphere size over time in future 
studies. Similarly, further insight into cell differentiation can be ach
ieved through integration of classical immunofluorescence techniques. 
The use of the reference Kolf_2 cell line enables replication of our 
findings by other laboratories. Lastly, we carried out three separate 
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neuronal differentiations that independently and reliably support our 
conclusions that polyI:C affects radial glia growth and neural migration. 

There were also limitations to this study. First, this in vitro assay 
cannot fully capture the complexity of the in vivo environment made up 
of extracellular matrix, glial cells and vasculature that is required for 
successful neuronal progenitor cell migration and differentiation. Thus, 
further work is needed to reproduce our findings in more complex model 
systems. Second, polyI:C is a toll like receptor 3 agonist and cannot fully 
recapitulate the diverse effects of different types of viral infections as 
well as that of systemic effects of immune activation. However, as this 
neurosphere assay can easily be exposed to different immune stimuli, it 
is well placed to answer these questions in future studies. Along these 
lines, in this study the length of exposure to polyI:C was determined a 
priori based on established evidence on the time course of polyI:C 
induced gene expression (Lin et al., 2019) but further studies are needed 
to assess how varying exposure lengths could influence cortical devel
opmental processes. Last, although the neurosphere assay can give some 
information about how early environmental exposures could exert 
deleterious effects on migrating cells expressing cortical layer specific 
markers, it cannot comprehensively study the late stages of cortical layer 
formation in its current from. 

In conclusion, we developed a highly novel neurosphere assay to 
better understand key aspects of human cortical development. We 
combined advances in iPSC differentiation with live cell imaging tech
niques to shed light on the dynamic process of radial glia growth and 
neural cell migration. Further, this assay provides a platform to intro
duce genetic and environmental modifications to examine their effects 
on this dynamic process. To highlight this utility, we demonstrated that 
a viral mimic could reduce both radial glia growth and neural cell 
migration, providing new biological insight into how infections may 
exert deleterious effects on the developing human cortex. 
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