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Radiation-induced neurocognitive dysfunction after brain radiotherapy is a growing concern among the
increasing numbers of long-term cancer survivors, particularly in children. This dysfunction significantly
impacts memory, learning, and overall quality of life. Neural stem and progenitor cells (NSPCs) play a vital
role in maintaining neurogenesis and plasticity, processes essential for memory formation and cognitive
resilience. Currently, no effective treatments exist, highlighting the urgent need for strategies to mitigate
these effects. One potential contributing factor to this dysfunction is the depletion or dysregulation of
NSPCs following radiation. Here, we developed an in vitro microfluidic neurogenic niche setup to
investigate how non-irradiated NSPCs respond to the inflammatory secretome produced by irradiated
human fetal astrocytes (HFA) and human brain microvascular endothelial cells (HBMEC). NSPCs viability
was dose-dependently affected when exposed to conditioned media from irradiated cells. Notably, NSPCs
exposed to conditioned media from cells irradiated at 2 Gy and 8 Gy exhibited increased expression of
SOX9 and S1008B, respectively, suggesting a shift toward a gliogenic fate. Our findings suggest that this
microfluidic model is valuable for exploring radiation-induced neurocognitive dysfunction and identifying

rsc.li/loc potential therapeutic targets.

Introduction

The incidence of central nervous system (CNS) tumors has
increased in recent decades.’ In 2018, the reported incidence
of CNS tumors was approximately 3.5 per 100000 people.”
Given the challenges posed by the blood-brain barrier (BBB)
hindering the effective delivery of chemotherapeutic agents to
the tumor, and the often incomplete surgical removal,’®
radiation therapy (RT) remains a primary treatment modality
for CNS tumors and brain metastases in both pediatric and
adult patients.* Even though the main objective of RT is to
eliminate tumor cells without causing harm to surrounding
normal tissues, unavoidable radiation exposure of healthy
tissue can lead to brain cell damage.” Consequently, RT is
associated with various complications, with neurocognitive
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impairment arguably being the most debilitating, such as
learning problems, memory dysfunction, and progressive
dementia.® Radiation-induced neurocognitive dysfunction has
garnered attention, given the rising prevalence of CNS tumors
and the growing population of long-term cancer survivors.”
Currently, there are no effective treatments for that condition,
highlighting the need to develop new strategies for enhancing
patients’ quality of life.®

While the detailed mechanisms of radiation-induced
neurocognitive dysfunction are not fully understood, existing
evidence points to neurogenesis inhibition as one such
mechanism.”™"" Neural stem and progenitor cells (NSPCs)
rely heavily on their local microenvironment, the neurogenic
niche, which plays a central role in regulating stem cell
biology. This niche consists of structural, nutritional, and
signaling support provided by niche-resident cells that tightly
control NSPCs proliferation, differentiation, and survival.'?
Among these, astrocytes and endothelial cells are well-
recognized as key regulators of neurogenesis, influencing
NSPCs function through a variety of paracrine and contact-
mediated mechanisms.”*™"*

Following radiation complex processes—
including cell death, senescence and the production of
inflammatory mediators—disrupt the neurogenic niche,
ultimately leading to tissue dysfunction and cognitive
deficits."® Radiation-damaged astrocytes and endothelial cells

exposure,
16,17
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produce inflammatory signals. This effect is believed to
impair NSPCs proliferation and neuronal differentiation,
contributing to long-term neurocognitive deficits.>

Addressing this damaged microenvironment and preventing
secondary NSPCs damage represent viable therapeutic
approaches for mitigating radiation-induced neurocognitive
dysfunction. To advance this understanding, we developed an
in vitro microfluidic neurogenic niche setup that that enables
detailed studies of how non-irradiated NSPCs respond to
secreted factors from irradiated astrocytes and endothelial
cells, providing valuable insights that complement in vivo
experiments. By leveraging this system, we aim to uncover the
cellular and molecular pathways involved in NSPCs dysfunction
and identify therapeutic targets to mitigate radiation-induced
damage and its downstream effects.

Materials and methods

Reagents

DPBS minus Ca'™" and Mg'" (14190144, Thermo Fisher,
Waltham, Massachusetts, USA), DPBS with Ca"" and Mg""
(14040091, Thermo Fisher), Astrocyte Media (AM1801,
ScienCell, Carlsbad, California, USA), TrypLE™ (12604013,
Thermo Fisher), attachment factor protein 1x (S006100,
Thermo Fisher), EGM™-2 MV Microvascular Endothelial Cell
Growth Medium-2 BulletKit™ (CC-3202, Lonza, Basel,
Switzerland), Endothelial Cell Growth Medium MV2 (C-22022,
PromoCell, Heidelberg, Germany), DMEM: F12 Glutamax
(31331-028, Thermo Fisher), N2 supplement (17502-048,
Thermo Fisher), B27 serum free (11530536, Thermo Fisher),
B27 minus antioxidants (10889038, Thermo Fisher), FGF (233-
FB, R&D Systems, MN, USA), EGF (E9644, Sigma Aldrich,
Burlington, Massachusetts, USA), PLO (P3655, Sigma Aldrich),
laminin (L2020, Sigma Aldrich), defined trypsin inhibitor (DTI,
R007100, Thermo Fisher), Transwells 0.4 pM microporous
membrane (833932041, Sarstedt, Niimbrecht, Germany), high
Pure RNA Isolation Kit (11828665001, Roche, Basel,
Switzerland), high-capacity RNA-to-cDNA kit (4387406, Thermo
Fisher), TagMan probes (Applied Biosystems, California, USA),
fast advanced master mix (4444557, Applied Biosystems),
trypan blue (1450021, Bio-Rad, Hercules, California, USA),
LEGENDplex™ Human Inflammation Panel 1 (13-plex) assay
using a V-bottom plate (BioLegend, San Diego, California,
USA), Alamar Blue reagent (DAL1100, Thermo Fisher), goat
serum (G9023, Sigma Aldrich), Cascade Blue™ hydrazide,
trisodium salt (C687, Thermo Fisher).

Cell culture

Human neuroepithelial stem cells (NSPCs) NSPCs line
(control 9: male, dual-SMAD neural induction’®*°) were
provided by the iPS Core facility (Karolinska Institute,
Sweden). NSPCs were cultured and passaged in DMEM: F12
Glutamax supplemented with N2 1:100, B27 1:1000, 10 ng
mL™" bFGF and 10 ng mL™" EGF - the complete media is
termed N2B27 - on double coated PLO (20 pg mL™") and
laminin (L2020, 1:500) flasks. Culture vessels were incubated
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overnight with PLO, washed thoroughly two times with DPBS
(with Ca™" and Mg""), and then coated overnight with 1.2020.
NSPCs were passaged at a splitting ratio of 1:4-1:5. Briefly,
cells were washed with DPBS (minus Ca'" and Mg'') and
then incubated with TrypLE™ for 3-4 min. TrypLE™ was
deactivated using equal volumes of DTI and DMEM: F12
Glutamax (1:1:1), spun down at 200 g, and resuspended in
N2B27. Media was replenished entirely every other day.

Human fetal astrocytes (HFA) (ScienCell, CA, USA): HFA
were cultured in ScienCell astrocyte media (AM)
supplemented with 2% FBS and 1% AGS (complete AM
media). HFA were used in passages 6 to 9. Cells were
passaged once they reached 100% confluency with a 1:4
ratio. Briefly, cells were washed with DPBS (minus Ca'" and
Mg™") and then incubated with TrypLE™ for 3-4 min. The
enzymatic reaction was inactivated using cell media at a ratio
of 1:5, spun down at 200 g, and resuspended in complete
AM media. No coating was used for HFA. Media was
replenished entirely every other day.

Primary human brain microvascular endothelial cells
(HBMEC) (Cell Systems, WA, USA): HBMEC were cultured in
EGM™-2 MV Microvascular Endothelial Cell Growth
Medium-2 BulletKit™ or Endothelial Cell Growth Medium
MV2 in attachment factor-coated flasks. HBMEC were used
in passages 8 to 11. The cells were passaged once they
reached 100% confluency with a 1:4 ratio. Briefly, cells were
washed with DPBS (minus Ca™ and Mg'') and then
incubated with TrypLE™ for 2 min. TrypLE™ was inactivated
using cell media 1:5, spun down at 200 g, and resuspended
in complete media. Media was replenished entirely every
other day.

Radiation procedure

The radiation procedure was carried out using CIX2 X-ray
cabinets (Xstrahl, GA, USA). Radiation doses were adjusted by
varying the distance between the samples and the radiation
source (measured in cm) and the exposure duration
(Table 1). In all experiments, cells received a single radiation
dose. For some experiments, cells were used immediately
after irradiation. In other cases, cells were cultured for 10
days post-irradiation before experimentation.

Viability assay

NSPCs, HFA, or HBMEC, were seeded in 96 well plates,
10000 cells per cm?, in their respective culture media and
allowed to attach overnight at 37 °C, 5% CO,. On the next
day, a radiation procedure was performed. The respective
culture media were changed every other day. Cell viability
was measured on the different endpoints (2, 7, or 14 days)
using Alamar Blue reagent (resazurin). Cell media was
removed, and Alamar Blue 10% was added to the wells.
Plates were incubated at 37 °C for 4 hours. After that time,
fluorescence (excitation/emission: 560/590) was measured in
a plate reader (Infinite, M1000 pro, Tecan, Méinnedorf,
Switzerland). Quantification was done to establish the

This journal is © The Royal Society of Chemistry 2025
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Table 1 CIX2 X-ray cabinets parameters. All recipes were calculated using a 3 mm aluminum filter, 195 kV, 10 mA

Radiation (Gy) Distance from radiation source (cm) Time

0.5 60 50 seconds

1 60 1 minute & 40 seconds
2 50 2 minutes & 19 seconds
4 40 2 minutes & 58 seconds
8 40 5 minutes & 56 seconds

fluorescence in the non-irradiated (NI) groups as 100% viable
cells. The other conditions tested were expressed in
percentage compared to the NI group.

Immunocytochemistry

Cells were washed with DPBS (with Ca'" and Mg'") and fixed
with 4% PFA for 10 min at room temperature. After washing
twice with DPBS (with Ca'™" and Mg""), cells were incubated
with blocking buffer (10% goat serum) and 0.1% Triton
X-100 in DPBS (with Ca™ and Mg''). Primary antibody
incubation was done in dilution buffer (10% blocking buffer)
overnight at 4 °C. After 3x washes in DPBS (with Ca'" and
Mg™), cells were stained with DAPI (4',6"-diamino-2-fenil-
indol) (1:2000) plus appropriate secondary antibody in
dilution buffer at room temperature for an hour. Cells were
washed 3x and imaged with a cell observer fluorescent
microscope (Zeiss, Oberkochen, Germany). Images were
processed using Image] (https://imagej.net). A detailed list of
the antibodies used can be found in Table S1.

mRNA analysis

Cells were collected and lysed at 6 hours, 24 hours, and 14
days post-irradiation (DPI); total RNA was extracted using the
High Pure RNA Isolation Kit (Roche, Basel, Switzerland);
cDNA synthesis was carried out using the high-capacity RNA-
to-cDNA kit (Thermo Fisher) on a thermal cycler. TagMan
probes of interest (Applied Biosystems, CA, USA) were
incubated with cDNA samples in Fast Advanced Master Mix
(Applied Biosystems). Samples were run on QuantStudio™ 5
Real-Time PCR System. Target genes were normalized for
quantification using the geometric mean of Beta-actin (ACTB)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The threshold cycles (Ct) were determined for each sample.
The relative expression of mRNA was calculated using the
274%C method.”* A list of the TagMan probes used can be
found in Table S2.

Permeability assay in Transwells

To assess the permeability of HBMEC after irradiation, 50 000
cells were seeded into the upper chamber of a Transwell
(TW). TWs were irradiated and permeability was assessed at
specific time points (24 hours, 3 days, and 11 days post-
irradiation). For the permeability assay, media in the TW
system was refreshed (200 uL upper chamber, 800 puL bottom
chamber), and the plates were incubated at 37 °C to
equilibrate. Next, 100 pL of media from the upper chamber

This journal is © The Royal Society of Chemistry 2025

was replaced with 100 uL of media containing 200 pg mL™" of
Cascade blue (CB) dye. The plates were then placed on an
orbital shaker at 150 rpm for 4 hours at 37 °C to facilitate
dye movement. After 4 hours, 100 pL of media from the
bottom chamber was carefully collected and transferred to a
96-well plate. Fluorescence intensity was measured at an
excitation wavelength of 400 nm and an emission wavelength
of 420 nm using the Infinite M1000 pro (Tecan). A standard
curve of CB was used to calculate the dye concentration in
the bottom chamber, providing a measure of HBMEC
permeability.

NSPC viability in N2B27 medium without both FGF and EGF

To evaluate how irradiated cells affect the proliferative
behavior of NSPCs, we established a coculture system using
a TW. In this setup, TWs containing irradiated HFA or
HBMEC were placed in a 24-well plate, where non-
irradiated (NI) NSPCs were seeded at the bottom. The
culture medium was DMEM: F12 Glutamax supplemented
with N2 1:100, B27 minus anti-oxidants (AO) 1:100
without FGF and without EGF, meaning that the only
trophic support for the NSPCs came from the cells in the
TW. NSPCs viability was measured using the Alamar Blue
assay at designated time points.

To design the above mentioned experiment and determine
the appropriate initial seeding density of NSPCs, we first
assessed how NSPCs grow in N2/B27 medium without growth
factors. NSPCs were seeded at 20000 cells per cm? and
allowed to attach overnight. Initial viability was measured
using 10% Alamar Blue (4-hour incubation), followed by a
media change to N2/B27 without growth factors. The Alamar
Blue assay was repeated at specific time points (3, 5, 7, and
10 days).

As shown in Fig. S1, the growth curve indicates that
NSPCs continued to proliferate up to 3 days after growth
factor removal but began to die thereafter. Therefore, for
experiments with an acute endpoint (up to 3 days), we seeded
a lower density of NSPCs, allowing sufficient space for
proliferation. Conversely, for long-term experiments, we
seeded a higher initial density to compensate for the natural
cell death observed over time.

Coculture in Transwells (TW)

1. Irradiated HFA x NI NSPCs. NSPCs were plated at the
bottom of a 24-well plate at a density of 5000 cells per
cm®. HFA were plated inside the TW (100000 cells per
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TW) (0.4 pm microporous membrane). On the next day,
after both seedings, HFA in TW were irradiated (2 Gy or
8 Gy) and placed on the top of NI NSPCs immediately
after the procedure. N2B27 (regular B27 was changed to
minus AO and increased to 1:100) without growth factors
(FGF and EGF) was used in the top and bottom
chambers. The system was maintained for three days at
37 ©°C. After three days, NSPC viability was verified by
Alamar Blue reagent. Cell media was removed, and Alamar
Blue 10% was added to the wells. Plates were incubated
at 37 ©°C for 4 hours. After that time, fluorescence
(excitation/emission: 560/590) was measured in a plate
reader (Infinite, M1000 pro, Tecan).

2. Irradiated HBMEC X NI NSPCs. NSPCs were plated at
the bottom of a 24-well plate at a density ratio of 5000 cells
per cm?®. HBMEC were plated inside the TW (100 000 cells per
TW) (0.4 pm microporous membrane). On the next day, after
both seedings, HBMEC in TW were irradiated (2 Gy or 8 Gy)
and placed on the top of NI NSPCs immediately after the
procedure. N2B27 (1:100, minus AO without FGF and EGF)
was used in the bottom chamber. A human endothelial
serum-free medium (Thermo Fisher) plus B27 antioxidant-
free (1:100) was used in the top chamber. The system was
maintained for three days at 37 °C. After three days, NSPCs
viability was verified by Alamar Blue reagent. Cell media was
removed, and Alamar Blue 10% was added to the wells.
Plates were incubated at 37 °C for 4 hours. After that time,
fluorescence (excitation/emission: 560/590) was measured in
a plate reader (Infinite, M1000 pro, Tecan).

3. HFA 10 days post-irradiation x NI NSPCs. HFA were
plated in six-well plates at 5000 cells per cm®. On the next
day, cells were irradiated once (2 Gy or 8 Gy). After the
procedure, cells were cultured in AM media for ten days.
After that time HFA were seeded inside TW (100 000 cells per
TW). NSPCs were plated at the bottom of a 24-well plate at a
20000 cells per cm® density. The day after NSPCs seeding,
HFA in TW was placed on top of NSPCs. N2B27 (1:100,
minus AO, without FGF and EGF) was used in both the top
and bottom chambers. The TW system was maintained for 14
days at 37 °C. On day 14, NSPC viability was verified by the
Alamar Blue reagent. Cell media was removed, and Alamar
Blue 10% was added to the wells. Plates were incubated at
37 °C for 4 hours. After that time, fluorescence (excitation/
emission: 560/590) was measured in a plate reader (Infinite,
M1000 pro, Tecan).

Microfluidic neurogenic niche setup

The microfluidic chips, manufactured by Cell Box Labs
(Latvia), consist of two channels PDMS channels separated by
a membrane PET membrane. The top channel measures
1200 + 25 um, while the bottom channel is 982 + 25 um. The
membrane (IP4IT, Belgium, catalog IT41P1000M25/610M103)
has a pore size of 1 um, a pore density of 1.6 x 10° cm ™2, and
a thickness of 24 um. The microfluidic circuit operates with
an Ismatec IPC pump featuring 16 channels, steel connectors
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(21G), and dispensing needles (21G). PharmMed peristaltic
tubing with an inner diameter of 0.25 mm and extension
tubing of 0.51 mm completes the system. For seeding the
neurogenic niche chip the channels were coated with
collagen IV (400 ug mL™) and fibronectin (100 ug mL™)
overnight. Both channels of the chip were rinsed with DPBS
(with Ca"™" and Mg"") and then with AM before seeding cells.
For HFA in the brain channel of a chip, a density of 4 x 10°
cells per mL in AM was seeded on the basal channel of the
chip (15 pL). The device was flipped immediately to allow the
HFA to adhere to the collagen IV/fibronectin-coated PET
membrane and then incubated at 37 °C for one hour. Then,
8 x 10° cells per mL of HBMEC were seeded in the apical
channel in EGM™ -2 MV (15 pL). Three types of chips were
constructed: 1) ‘NI Chip’ containing NI HFA and NI HBMEC,
2) ‘2 Gy I Chip’ containing 2 Gy irradiated HFA and HBMEC,
cultivated for 10 days to acquire persistent inflammatory
characteristics, and 3) ‘8 Gy I Chip’ containing 8 Gy
irradiated HFA and HBMEC, cultivated for 10 days to acquire
persistent inflammatory characteristics. Chips seeded with
cells were maintained in the incubator for 24 hours, with
EGM™ -2 MV media changing every 12 hours in both
channels. On the second day of cell seeding into the
microfluidic device, both channels were connected to
peristaltic pumps and the medium flowed through the
channels (60 pL h™) to allow the cell layers to adjust to flow
conditions. EGM™ -2 MV was used in the vascular channel,
N2/B27 (1:100, minus AO, without FGF and EGF) was used
in the brain channel. One day later, the circuit was connected
to 10000 NSPCs per cm? flasks (containing 2 mL of N2/B27,
1:100, minus AO, without FGF and EGF). From this moment,
NSPCs were fed only by the media flowing in the chip. Every
day, 1.5 mL of media were removed from each flask. On day
7, NSPCs were detached as previously described, replated in
flasks at 20000 NSPCs per cm” density, and reconnected to
the chips. On day 14, NSPCs viability was verified using the
Alamar Blue reagent method. After the experiment was
finished, RNA was extracted from NSPCs as previously
described.

Chip permeability

To determine barrier function in the chip, the CB was
included (100 ug mL™") in the vascular channel and flowed
(60 puL per hour) through. The concentrations of the tracers
were measured after the experiment (22 hours) in the
affluents and effluents of the brain and vascular channels
using a CB standard curve.

Permeability assay in Transwells (TW) for comparing with
chip permeability

The media in the TW system was refreshed. The upper
chamber received 200 uL of fresh media, while the bottom
chamber received 800 pL, and the plates were incubated at
37 °C to equilibrate. Next, 100 puL of media from the upper
chamber was replaced with 100 pL of media containing CB

This journal is © The Royal Society of Chemistry 2025
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200 pug mL™"' (final concentration in the upper chamber is
100 ug mL™"). The plates were then incubated for 22 hours at
37 °C (no shaking). After 22 hours, 100 uL of media from the
bottom chamber was carefully collected and transferred to a
96-well plate. Fluorescence intensity was measured at an
excitation wavelength of 400 nm and an emission wavelength
of 420 nm using the Infinite M1000 pro (Tecan). A standard
curve of CB was used to calculate the dye concentration in
the bottom chamber.

LEGENDplex analysis

To measure cytokine levels in the conditioned media from
the neural chamber from the chips, we wused the
LEGENDplex™ Human Inflammation Panel 1 (13-plex), a
multiplex bead-based assay, enabling the simultaneous
detection of 13 inflammatory cytokines: IL1B, IFNA2, IFNG,
TNFA, MCP1 (CCL2), IL6, CXCL8 (IL8), IL10, IL12p70, IL17A,
1118, 1L23, and IL33. We pooled media from three chips
between days 17 and 21 post-irradiation. The pooled samples
were analyzed in quadruplicate. The analysis was carried out
using the BD FACSCanto™ II Flow Cytometry System (BD,
Franklin Lakes, NJ, USA), which identified bead types and
measured fluorescence intensity. Data were processed using
LEGENDplex™ software to generate standard curves and
quantify cytokine concentrations.

mRNA analysis of NSPCs receiving the chip effluent

We conducted five independent chip assays. Total RNA from
the NSPCs in the flasks was extracted using the High Pure
RNA Isolation Kit (Roche, Basel, Switzerland). The mRNA
production, and qPCR were performed as previously
described. Delta threshold cycles (ACt) were determined for
each sample by subtracting the target gene threshold cycle
(Ct) minus the geometric mean of ACTB and GAPDH. The
delta delta Ct (AACt) for each target gene was determined by
comparing the ACt of experimental samples to that of control
within the same experiment. Fold change (FC) was computed
using the 2°(-AACt) method.*" Statistical analysis was
applied to five FCs obtained for each condition.

Statistical analysis

Statistically significant differences were evaluated by one-way
ANOVA followed by Tukey post-test, unless otherwise stated.
Results are expressed as mean + standard error of the mean
and were considered significant if p < 0.05.

Results

NSPC viability is affected by radiation in a dose-dependent
manner

Our first goal was to verify the radiosensitivity of the different
cell types. NSPCs, HFA, and HBMEC were irradiated (0.5 to 8
Gy), and a resazurin mitochondrial reduction-based assay
was performed to estimate cell viability.

This journal is © The Royal Society of Chemistry 2025
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NSPCs viability was drastically impaired two days post-
irradiation (DPI), even the lowest dose 0.5 Gy induced a
statistically significant decrease in NSPC viability. A reduction
of 50 and 80% of NSPCs viability was seen in 2 Gy and 8 Gy-
irradiated groups, respectively (Fig. 1A). These effects remain
at 7 DPI, showing that even low doses of radiation can be
highly harmful to NSPCs (Fig. 1B).

A different pattern of behavior was observed for HFA: HFA
viability showed no change for any of the doses two DPI
(Fig. 1C). At 7 DPI, HFA viability was nearly 80% in both 2
and 8 Gy-irradiated HFA compared to non-irradiated (NI)
HFA (Fig. 1D). On 14 DPI, the 8 Gy-irradiated group
presented 65% viability compared to the NI (Fig. 1E).

Finally, HBMEC showed no significant change in cell
viability in any endpoints (Fig. 1F-H).

HFA acquires an inflammatory phenotype after irradiation

The next step was verifying HFA'" and HBMEC' radiation-
induced phenotypes. HFA irradiated with 8 Gy appeared to
exhibit hypertrophy within the following 12 DPI, as indicated
by the arrows in Fig. 2A. The cell nuclei are larger, and the
cell bodies appear more triangular in shape. Aquaporin-4
(AQP4), a water channel expressed on astrocytic endfeet*
was not different among the groups. Intercellular adhesion
molecule (ICAM) fluorescence was significantly higher in the
8 Gy-irradiated group 12 DPI (Fig. 2B and C). ICAM is an
adhesion molecule upregulated upon inflammatory
stimulation. These findings also were in agreement with that
8 Gy irradiated HFA had higher RNA expression levels of
Interleukin 1 beta (IL1B) and Interleukin 6 (IL6) 24 hours
post-irradiation (Fig. 2D and E); and high levels of IL6
expression were sustained for 14 DPI (Fig. 2F). On the other
hand, 2 Gy-irradiated HFA increased interleukin 10 (IL10)
expression in the 14 DPI (Fig. 2G). The proliferation marker
MKI67 expression decreased drastically in 8 Gy-irradiated
HFA 14 DPI (Fig. 2H). The entire inflammatory profile of
irradiated HFA within six hours, one day and 14 DPI can be
seen in Fig. S2.

HBMEC also alter their phenotype after irradiation

HBMEC did not show altered viability after irradiation, but as
expected,?® radiation impaired endothelial barrier function.
Cascade blue (CB) dye permeability was increased in the 8 Gy
irradiated group at 3DPI and for 2 and 8 Gy at 11 DPI for
HBMEC in TW monocultures. (Fig. 3A-C). We noted reduced
vascular endothelial cadherin (VECAD) fluorescence in 2 and 8
Gy-irradiated groups at 3 DPI (Fig. 3D and E). Similar to the
observation in HFA, HBMEC also presented evident hypertrophy
(arrows) by 12 DPI (Fig. 3D).

On a gene expression level, TNFA (tumor necrosis factor
alfa) was increased in the 2 Gy-irradiated group, 6 hours
post-irradiation (HPI, Fig. 3F). In 8 Gy-irradiated HBMEC, IL6
expression increased in the first 6 HPI (Fig. 3G) and was
sustained for 1 DPI (Fig. 3H), while increased IL1B was only
seen 14 DPI (Fig. 3I). The entire inflammatory profile of
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Fig. 1 Cell viability in response to radiation. Viability was measured as the fluorescence of Alamar Blue. Quantification was done to establish the
fluorescence in the non-irradiated (NI) groups as 100% viable cells. The other conditions tested were expressed as a percentage compared to the NI group.
(A) NSPC viability 2 DPI. The NI group was statistically different (p < 0.05) when compared to all other groups. This was represented by the # symbol. (B)
NSPC viability 7 DPI. (C) HFA viability 2 DPI, (D) 7 DPI and (E) 14 DPI. (F) HBMEC viability 2, (G) 7, and (H) 14 DPI. Boxes represent the first and third quartiles,
while lines represent the maximum and minimum values. # = p < 0.05 when compared to all other groups, * = p < 0.05, ** = p < 0.01, one-way ANOVA
plus Tukey multiple comparisons test, n = 8 to 10 samples per group. NSPCs: neural stem and progenitor cells, HFA: human fetal astrocytes, HBMEC:
human brain microvascular endothelial cells, NI: non-irradiated, I: irradiated, Gy: gray; DPI: days post-irradiation.

irradiated HBMEC in six hours, one DPI and 14 DPI can be

seen in Fig. S3.

Irradiated HFA enhance NSPC proliferation within 3 days

After confirming radiation-induced

Lab Chip

changes
phenotypes and gene expression of HFA and HBMEC, we

both

aimed to determine whether these changes could influence

the trophic support these cells provide to non-irradiated

neural stem and progenitor cells (NI NSPCs).

To test this, we first examined how irradiated HFA (I HFA)
affect NSPC proliferation. Using a TW coculture system, we

placed irradiated HFA in the upper chamber of a 24-well
plate, with NI NSPCs in the lower chamber. Importantly, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Immunocytochemistry and gene expression profile analysis of HFA on different time points post-irradiation. (A) Aquaporin 4
immunostaining. Arrows indicate the presence of hypertrophic cells in the 8 Gy irradiated HFA, 12 DPI. Scale bar = 100 um. (B) ICAM
immunostaining. Arrows indicating cells overexpressing ICAM in 8 Gy irradiated HFA, 12 DPI. Scale bar = 100 pm. (C) Quantification of ICAM
fluorescence in 12 DPI. Results are expressed as the integrated density of the green channel corrected by the number of cells (DAPI integrated
density). N = 3 (D) IL1B gene expression in irradiated HFA in 1 DPI. N = 3 (E) IL6 gene expression in irradiated HFA in 1 DPI. N = 3 (F) IL6 gene
expression in irradiated HFA in 14 DPI. N = 4 to 5 (G) IL10 gene expression in irradiated HFA in 14 DPI. N = 4 to 5 (H) MKI67 gene expression in
irradiated HFA in 14 DPI. N = 4 to 5. * = p < 0.05, ** = p < 0.01, one-way ANOVA plus Tukey multiple comparisons test. HFA: human fetal
astrocytes, NI: non-irradiated, |: irradiated, Gy: gray, /L10: interleukin 10, /L6: interleukin 6, IL1B: interleukin one beta, MKI67: a marker of
proliferation Ki-67. AQP4: aquaporin 4, ICAM: intercellular adhesion molecule, ID: integrated density, AU: arbitrary units, DPI: days post-irradiation.
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Fig. 3 Radiation-induced effects on endothelial barrier function and inflammatory profile in HBMEC. (A-C) CB permeability is increased in the 8
Gy-irradiated group at 3 and 11 DPI. ## = p < 0.01 compared to all other groups, ** = p < 0.01, ANOVA plus Tukey post hoc test, n = 6 (D) VECAD
immunostaining. Arrows indicate the presence of hypertrophic cells in the 8 Gy irradiated HBMEC, 12 DPI. Scale bar = 50 um. (E) Quantification of
VECAD fluorescence by 3 DPI. Results are expressed as the integrated density of the green channel corrected by the number of cells (DAPI
integrated density). N = 3 (F) TNFA gene expression in irradiated HBMEC in 6 HPI. N = 3 (G) IL6 gene expression in irradiated HBMEC in 6 HPI. N =
3 (H) IL6 gene expression in irradiated HBMEC in 1 DPI. N = 3 () IL1B relative expression in irradiated HBMEC by 14 DPI. N = 3. * = p < 0.05, ** = p
< 0.01, ANOVA plus Tukey post hoc test. HBMEC: human brain microvascular endothelial cells, NI: non-irradiated, I: irradiated, Gy: gray, IL6:
interleukin 6, IL1B: interleukin one beta, TNFA: tumor necrosis factor alfa, VECAD: vascular endothelial cadherin, ID: integrated density, AU:
arbitrary units, HPI: hours post-irradiation, DPI: days post-irradiation, CB: Cascade blue.
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culture medium lacked fibroblast growth factor (FGF) and
epidermal growth factor (EGF), so the only sources of trophic
support for the NSPCs were factors secreted by the HFA.

Compared to the control group, which had an empty TW
(no HFA), the presence of HFA increased the number of viable
NSPCs, suggesting that the HFA secreted trophic factors that
promoted NSPCs survival. Notably, irradiated HFA exposed to 8
Gy of radiation further increased NSPCs numbers compared to
non-irradiated HFA (NI HFA). This effect was observed after 3
days of coculture (Fig. 4A).

HFA 10 days post-irradiation and their impact on NSPC
proliferation over 14 days

Next, we irradiated HFA once and cultured them for 10 days
to establish a persistent inflammatory phenotype. HFA were

View Article Online

Paper

then seeded in a TW and cocultured with NSPCs for an
additional 14 days. To promote NSPCs survival during this
culture period, we increased their initial density.

After 14 coculture days, NSPCs cocultured with either NI
HFA or 2 Gy irradiated HFA exhibited a higher cell count
compared to the empty TW group, highlighting the trophic
support provided by the HFA (Fig. 4B). However, no
significant difference in cell count was observed between the
group cocultured with 8 Gy irradiated HFA and the empty TW

group.

Irradiated HBMEC promote NSPC proliferation in 3 days

Since HBMEC are known to provide trophic support to
NSPCs in the neurogenic niche, we applied the same
protocol used for HFA to HBMEC. In this experiment,
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Fig. 4 Coculture assays using a Transwell system. (A) Coculture of immediately irradiated HFA with non-irradiated neural stem and progenitor
cells (NI NSPCs). N = 5. (B) Coculture of HFA 10 DPI with NI NSPCs. N = 5. (C) Coculture of immediately irradiated human brain microvascular
endothelial cells (HBMEC) with NI NSPCs. N = 5. Statistical significance is indicated as follows: * = p < 0.05, ** = p < 0.01 (ANOVA followed by
Tukey post hoc test). NSPCs: neural stem and progenitor cells, HFA: human fetal astrocytes, HBMEC: human brain microvascular endothelial cells,
NI: non-irradiated, I: irradiated, Gy: gray, GF: growth factors, AO: antioxidants, DPI: days post-irradiation. Created with https://BioRender.com.
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irradiated (I) HBMEC in the TW were cocultured with NI
NSPCs. As before, the presence of HBMEC—whether
irradiated or not—resulted in an increased number of
NSPCs compared to the empty TW control after 3 days of
coculture. However, no significant differences in cell counts
were observed between the groups with NI, 2 Gy, and 8
Gy-irradiated HBMEC (Fig. 4C).

A

Microfluidic neurogenic niche setup

View Article Online
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However, when using HBMEC 10 days post-irradiation,
we faced a challenge: the HBMEC could not survive beyond
3 days in the TW coculture. This was likely due to the
absence of trophic factors, such as FGF or EGF, in the
culture media. Adding these growth factors could have
supported HBMEC survival; however, we deliberately chose
not to include them, as they might interfere with the
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Fig. 5 Microfluidic neurogenic niche setup. (A) Experimental timelines in microfluidic neurogenic niche setup. (B) Schematic representation of the
design for the microfluidic neurogenic niche model. Created with Biorender. (C) To recreate the neurogenic niche, HFA were seeded on one side
of the membrane, while HBMEC were seeded on the opposite side, allowing physical interaction between the two cell types. Scale bar = 100 pm.
(D) Chip permeability was measured, showing a significant decrease in permeability with cellular presence, except in the 8 Gy irradiated. HFA:
human fetal astrocytes, HBMEC: human brain microvascular endothelial cells, Gy: gray, NSPCs: neural stem and progenitor cells, DPI: days post

irradiation, TW: Transwell.
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growth dynamics of the NSPCs, potentially skewing the
experimental outcomes.

Assembling the microfluidic neurogenic niche setup

Adding growth factors, such as FGF and EGF, directly to the
top chamber of the Transwell to allow HBMEC survival
presented a challenge, as they can diffuse into the bottom
chamber where the NSPCs were cultured. This would risk
unintended exposure of the NSPCs to these factors, which
would influence their behavior and interfere with the
interpretation of the results.

To overcome this limitation, we opted to use a
microfluidic neurogenic niche setup. This system offers
several key advantages over traditional Transwell setups. It is
composed of separate microchannels that allow for the
compartmentalization of different cell types, with control
over the culture conditions in each channel. The microfluidic
design improves the control of diffusion of molecules, such
as growth factors, between the compartments. This is
because the constant flow prevents the accumulation of
factors in one compartment from passively diffusing into
another. We confirm that the CB concentration in the neural
chamber after 22 hours was significantly higher in the
Transwell system compared to the microfluidic setup (Fig.
S4). This finding highlight that the diffusion of a molecule
introduced on the vascular side is more constrained in our
microfluidic system than in the Transwell setup.

By using this system, we were able to maintain distinct
media compositions for the HBMEC (vascular channel) and
HFA (brain channel).

The experimental setup aimed to recreate the neurogenic
niche, using HFA and HBMEC irradiated and cultured for 10
days to establish a persistent inflammatory profile
(Fig. 5A and B). Irradiated HFA and HBMEC were seeded on
opposite sides of the membrane to allow direct cell-cell
interaction (Fig. 5C). During the 14-day of coculture, growth
factor-depleted media from the HFA channel (“brain side”)
was collected to assess its effects on NI NSPCs, while the
HBMEC channel (“vascular side”) received media
supplemented with growth factors to support endothelial cell
viability. Notably, chip permeability decreased significantly in
the presence of cells, demonstrating effective barrier
formation (Fig. 5D).

The 14-day coculture period was not intended to model a
specific clinical scenario, since chronic radiation-induced
symptoms may take years to manifest in patients. However,
maintaining the microfluidic system in stable conditions for
such extended periods is technically unfeasible. Based on our
preliminary data, we observed that 12-14 days were sufficient
to induce marked morphological alterations in astrocytes and
endothelial cells, as well as significant changes in their
secretome. Therefore, this timepoint was selected as a
practical and biologically relevant endpoint to capture the
onset of radiation-induced cellular and molecular
adaptations within the constraints of the in vitro system.

This journal is © The Royal Society of Chemistry 2025
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The effluent of the microfluidic neurogenic niche setup
affects NSPCs growth and gene expression

Next analysis explored how conditioned media from
irradiated neurogenic niche-supporting cells could influence
NI NSPCs in terms of proliferation and gene expression. We
observed a notable increase in the proliferation of NI NSPCs
exposed to the effluent from the 2 Gy irradiated microfluidic
neurogenic niche setup (Fig. 6A and B). This was further
supported by the increased RNA yield obtained from these
NSPCs (Fig. 6C).

Moreover, our data revealed that exposure to the effluent
from the 8 Gy-irradiated neurogenic niche significantly
reduced CD44 gene expression in NI NSPCs (Fig. 6D).
Additionally, the differential gene expression patterns
observed indicate a potential shift in the differentiation
state of NSPCs upon exposure to irradiated effluent.
Specifically, the 2 Gy-conditioned media led to an
upregulation of SOX9 expression, a transcription factor
involved in NSPC maintenance and gliogenesis (Fig. 6E). In
contrast, the effluent from the 8 Gy setup showed a
tendency to increase SI100B expression, a marker of
astrocytic differentiation (Fig. 6F), while simultaneously
decreasing HES3 expression, a key regulator of NSPC self-
renewal (Fig. 6G). These findings highlight the differential
effects of radiation-damaged niche environments on NSPC
fate, potentially shifting them toward astrocytic
differentiation under higher radiation doses. Non-significant
changes in gene expression are provided in Fig. S5.

Inflammatory pattern of the HFA + HBMEC barriers during
the microfluidic experiment

In this study, we sought to identify the components of the
chip effluents responsible for eliciting the NSPC response.
However, inflammatory cytokines in the effluents were below
the assay's detection threshold, even after attempts to
concentrate the media using a SpeedVac system. To overcome
this limitation, we collected media from static conditions for
subsequent analysis. Radiation exposure induced a dose-
dependent modulation of the inflammatory cytokine profile
within the chip's neural chamber. Both 2 Gy and 8 Gy
irradiation significantly increased CCL2 levels and decreased
IL-8 levels compared to non-irradiated controls. Notably, only
the 8 Gy condition resulted in elevated IL-6, IFN-a.2, and IL-
18, indicating a more pronounced pro-inflammatory response
at higher radiation doses. These findings suggest that
stronger irradiation triggers a broader neuroinflammatory
signature, which may contribute to downstream effects on
neural cell viability (Fig. 7).

Discussion

Cerebral radiation therapy carries a significant risk of long-
term  neurocognitive  impairment.”  Radiation-induced
cognitive disorder is a complex, multifaceted condition that
remains poorly understood. Learning and memory are
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Fig. 6 Effects of media from the microfluidic neurogenic niche on NSPCs viability, RNA vyield, and gene expression after 14 days. (A)
Immunocytochemistry showing the NSPCs in flasks after 14 days of receiving media from the microfluidic neurogenic niche setup. Scale bar = 100
um. (B) NSPCs viability after 14 days of receiving media from the microfluidic neurogenic niche setup, measured by Alamar blue fluorescence.
Quantification was performed by setting the fluorescence in the NI HFA/HBMEC group as 100% viable cells, with other conditions expressed as
percentages relative to the NI group. N = 5. * = p < 0.05, ** = p < 0.01, ANOVA followed by Tukey's post hoc test (C) RNA yield from NSPCs in
each group, confirming the Alamar Blue results. N = 5. * = p < 0.05, ** = p < 0.01, ANOVA followed by Tukey's post hoc test (D) CD44 (E) SOX9
(F) S100B and (G) HES3 gene expression in NI NSPCs after 14 days of receiving media from the microfluidic neurogenic niche setup. qPCR results
were considered statistically significant when the fold change differed from 1 (control level). N = 5. *p < 0.05 (one sample Student's t-test). NSPCs:
neural stem and progenitor cells; NI: non-irradiated; Gy: gray; S100B: S100p calcium-binding protein beta; CD44, cluster of differentiation 44;
SOX9: SRY-box transcription factor 9; HES3: hairy and enhancer of split 3.

intricately linked to neurogenesis.”’ The subgranular zone  with reversal learning impairments persisting for up to one-
(SGZ) of the hippocampus, along with the subventricular  year post-irradiation.’®*" Notably, transplanting NSPCs into
zone (SVZ) in the lateral ventricles, houses the primary sites  the hippocampus partially improved cognitive performance
of adult neurogenesis.>**® Substantial evidence indicates that  in irradiated rodents.**?*

radiation therapy (RT) suppresses neurogenesis.'* Studies in Our findings reinforce the observation that NSPCs are
rodents have demonstrated a dose-dependent loss of  particularly vulnerable to radiation-induced damage, as even
neurogenesis, even with radiation doses as low as 2 Gy. Early ~ low doses (0.5 Gy) resulted in a marked reduction in cell
effects are detectable as soon as 2 hours post-irradiation,””  viability. These results are consistent with previous reports
with proliferating SGZ cells reduced by 93-96% within 48  highlighting the high radiosensitivity of neural progenitors
hours.*®?° The irradiated SGZ area decreased significantly to ~ within the neurogenic niche. The NSPCs used in our study
70%, 50%, and 48% of control levels seven days after had previously been shown to retain multipotency,
exposure to 4, 8, and 12 Gy, respectively.”” Similarly, a dose  differentiating into both neurons and astrocytes upon
of 10 Gy reduced neurogenesis and impaired cognitive  withdrawal of growth factors, confirming their neurogenic
performance in maze tests.> In 14-day-old mice, a single capacity under baseline condition.”*** However, upon
dose of 8 Gy caused learning deficits shortly after irradiation,  irradiation, we observed pronounced cell death and a
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Fig. 7 Inflammatory cytokines detected in the irradiated chip neural chamber. Irradiation at both 2 Gy and 8 Gy resulted in significantly increased

levels of CCL2 and decreased levels of IL-8 in the neural chamber. Notably, only the 8 Gy condition led to elevated concentrations of IL-6, IFN-a.2,
and IL-18. *p < 0.05, **p < 0.01, ANOVA followed by Tukey post hoc test. Results from a pooled sample analyzed in quadruplicate. Statistical
analysis applied on the technical replicates. CCL2: C-C motif chemokine ligand 2, IL6: interleukin 6, IL8: interleukin 8, Gy: gray.

significant loss of proliferative potential, which precluded
further assessment of their differentiation profile.

In contrast, HFA and HBMEC exhibited higher viability
rates under similar conditions. However, it is important to
consider that the cytotoxic effects of radiation are more
pronounced in actively proliferating cells. This consideration
is particularly relevant for HBMEC, as the assay was
conducted in 96-well plates, where endothelial cells typically
form a confluent monolayer shortly after seeding. Upon
reaching confluence, these cells enter a quiescent state,
characterized by cell cycle arrest and reduced mitotic activity.
This quiescent phenotype may have mitigated the impact of
radiation, potentially masking its deleterious effects.
Therefore, the proliferation status of HBMEC at the time of
irradiation could have influenced the observed outcomes.

We observed pronounced astrocyte hypertrophy®® and a
marked increase in ICAM expression, indicating the
acquisition of an inflammatory profile in these cells.*
Radiation also altered cytokine expression patterns in HFA:
IL1B was highly expressed in 8 Gy-irradiated HFA during the
first 24 hours post-irradiation but was subsequently replaced
by elevated IL6 expression over a 14-day period. Similarly, 8
Gy-irradiated HBMEC became hypertrophic and exhibited
increased expression of IL6 at 24 hours and IL1B at 14 days.

Beyond direct radiation damage, other mechanisms, such
as the bystander effect—where irradiated cells secrete factors

This journal is © The Royal Society of Chemistry 2025

that influence surrounding cells—may also impair
neurogenesis.>” To better understand these mechanisms, we
characterized how NSPCs respond to the inflammatory
microenvironment created by HFA and HBMEC.

To investigate this, we studied the influence of co-
culturing non-irradiated (NI) NSPCs with irradiated (I) HFA
using a TW model. The presence of HFA, whether irradiated
or not, increased the number of viable NSPCs in all
conditions compared to the acellular control (empty TW
without HFA). Notably, NSPCs cocultured with 8 Gy irradiated
HFA showed an even greater increase in numbers during the
first three days compared to those cocultured with NI HFA.
This highlights the dual role of inflammation in NSPCs: it
can either promote or inhibit proliferation, survival, or
differentiation depending on factors such as the timing,
involved cell types, and chronicity of the inflammatory
response.*®*?° When the same protocol was repeated using
HBMEC instead of HFA, the mere presence of HBMEC
similarly enhanced NSPCs viability. However, no significant
differences were observed between NSPCs cocultured with NI
or irradiated HBMEC.

To assess whether NSPCs would sustain this pattern over
time, HFA were irradiated (2 Gy or 8 Gy) and cultured for 10
days to develop a persistent inflammatory profile. Cocultures
were then extended, and NSPCs were observed for 14 days. By
this time point, NSPCs cocultured with 8 Gy irradiated HFA
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showed a decline in numbers, no longer differing from the
acellular control condition. This could suggest that, unlike
an immediate response (represented in the 3-day
experiment), in a more prolonged scenario, the exposure of
NSPCs to an inflammatory secretome over an extended
period might, instead of stimulating cell proliferation, lead
to its depletion.

However, the static TW approach presented several
challenges: 1) we could not keep HBMEC in a growth factor-
depleted media more than three days because of cell death,
2) The initial seeding density of NSPCs is difficult to define:
usually, NSPCs have a high proliferation rate, reaching
confluency in the first days (which has to be avoided to
identify differences among the groups). However, in a media
without growth factors, NSPCs start to die after day 3 (Fig.
S1). To overcome these issues, we designed our microfluidic
neurogenic niche setup. This model allowed us to overcome
the stated difficulties above by 1) using different types of
media in the different channels, allowing us to feed HBMEC
with growth factors with a minor influence in the NSPCs
system, and 2) by connecting the chip with the NSPCs flask
we could maintain the cells receiving the irradiated cell-
conditioned media, while being able to split and control cell
density in the flask, allowing for better insights. Contrary to
our TW approach, NSPCs reacted differently to the 2 Gy- and
8 Gy CI chips' effluents in this setup: while the 2 Gy chip
media increased NSPCs viability (confirmed by both Alamar
Blue assay and RNA amount), the 8 Gy CI chip media had an
opposite effect on NSPCs viability.

The expression profiles of NSPCs exposed to conditioned
media from irradiated cells also varied according to the
radiation dose. Notably, effluents derived from cells
subjected to 2 Gy irradiation induced a pronounced
upregulation of SOX9, a transcription factor critical for NSPC
maintenance and gliogenesis.’” Conversely, conditioned
media from the 8 Gy-irradiated setup tended to increase the
expression of S700B, a well-established astrocytic
differentiation marker, reinforcing the idea that radiation
may bias NSPCs toward a glial lineage.*’ SOX9 functions as a
key transcription factor for the specification and
maintenance of multipotent NSPCs, promoting the transition
from a neurogenic to a gliogenic state and facilitating the
generation of astrocytes and oligodendrocytes.*>** Elevated
SOX9 levels are associated with both enhanced self-renewal
and the maintenance of an undifferentiated phenotype, while
also predisposing cells toward glial fate commitment.**™*®
S100B, in turn, is predominantly expressed by astrocytes and
oligodendrocytes and plays important roles in the regulation
of their differentiation, growth, and maturation during brain
development. The upregulation of S100B in NSPCs suggests
activation of astroglial maturation programs, potentially
triggered by environmental stimuli or injury-related cues, and
is further implicated in neurotrophic and neuroprotective
processes.”™"” Taken together, these findings suggest that
soluble factors released by irradiated cells may influence
NSPCs fate decisions in a dose-dependent manner—
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maintaining stemness and gliogenic potential at lower doses,
while promoting astrocytic differentiation under higher
radiation stress. Such dose-sensitive responses could have
implications for understanding how radiation reshapes the
neurogenic niche and contributes to glial remodeling in the
injured brain.

Simultaneously, a decrease in HES3 expression was
observed in response to 8 Gy-conditioned media. Since HES3
is a critical regulator of NSPCs self-renewal, its
downregulation could indicate a potential depletion of the
neural stem cell niche.*®*>' An intriguing finding of this
study is the down-regulation of CD44 expression in NSPCs
exposed to 8 Gy-conditioned media. CD44, the principal
surface receptor for hyaluronic acid (HA), plays a pivotal role
in various cellular processes, including motility, signal
transduction, and intercellular as well as cell-matrix
adhesion.”® Notably, CD44 is expressed by both glial and
neuronal cells, underscoring its functional importance across
multiple CNS cell types.>?

These findings are consistent with previous reports
showing that radiation affects neurogenesis not only through
direct cytotoxicity but also via radiation-induced bystander
effects mediated by irradiated niche cells. For example,
conditioned media or co-culture with irradiated endothelial
(bEnd.3)” or glioma (GL261)** cells significantly reduce NSPC
proliferation, neurosphere formation, and differentiation
capacity, even without direct irradiation, ultimately leading
to impaired hippocampal neurogenesis and cognitive
dysfunction in vivo. Mechanistically, irradiated glioblastoma
cells have been shown to secrete cytokines such as IL-8, TGF-
B1, IL-6, and TRAIL, which induce apoptosis and selectively
suppress neuronal, but not astroglial, differentiation of non-
irradiated NSPCs.>* Together, these observations suggest that
radiation disrupts the entire neurogenic progression—from
NSPCs to mature neurons, astrocytes, and oligodendrocytes—
through both direct damage and bystander effect-mediated
intercellular signaling within the neurogenic niche.

In this study, we aimed to identify the components of the
chip effluents responsible for triggering the NSPC response.
However, inflammatory cytokines in the effluents were below
the assay's detection threshold, and attempts to concentrate
the media using a SpeedVac system did not overcome this
limitation. To enhance sensitivity, we collected effluents
under static conditions. Under these conditions, we observed
that media from the 8 Gy-irradiated chips contained elevated
levels of pro-inflammatory cytokines, including IL6, TNFA2,
and TNFG. These inflammatory changes correlate with our
observations of reduced NSC viability in response to 8 Gy
chip effluents, suggesting that the pro-inflammatory milieu
generated under high-dose irradiation may be a key
contributor to the observed cytotoxicity. Notably, IL8 levels
were reduced in both irradiated chips. One important aspect
of our model is that HFA and HBMEC were irradiated in
plates and transferred to the chip 10 days later, at which
point viability was approximately 70-80% for 2 Gy and 50%
for 8 Gy. It is possible that highly damaged cells—which

This journal is © The Royal Society of Chemistry 2025
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could release substantial amounts of inflammatory mediators
—were lost during this transfer, potentially underestimating
the true inflammatory burden. Nevertheless, the cytokine
profile from the 8 Gy condition aligns with the reduced
NSPCs viability, reinforcing the link between radiation-
induced neuroinflammation and stem cell vulnerability.

Interestingly, at 14 DPI, HFA exposed to 2 Gy exhibited a
significant upregulation of IL10, a well-characterized anti-
inflammatory cytokine implicated in central nervous system
repair and neuroprotection.”® IL10 plays a critical role in
dampening  inflammation @ and  promoting
regeneration.”””® Although elevated IL10 levels were not
detected in the 2 Gy chip effluent, its increased expression
in the irradiated cells suggests a shift toward a
neuroprotective, pro-repair phenotype. Consistent with this
interpretation, recent findings demonstrate that activated
regulatory T cells (Tregs) NSPCs proliferation in the SVZ via
IL-10-dependent mechanisms, whereas IL10 blockade
redirects NSPCs fate toward astroglial differentiation
(Mash1'/GFAP" ratio).”® This supports the notion that IL10
acts as a central modulator of the balance between NSPCs
proliferation and glial activation. Similarly, neuronal IL10
expression delivered via AAV vectors has been shown to
attenuate microglial activation, reduce gliosis, enhance
neurogenesis, and improve cognitive performance in
Alzheimer's disease models.®® Together, these findings
suggest that the 2 Gy irradiation may elicit a controlled
anti-inflammatory response mediated by IL-10, fostering a
microenvironment to NSPCs and
regeneration.

In physiological conditions, interstitial flow rates in the
rodent brain parenchyma are estimated at approximately 0.1-
0.3 uL min™" g™', with fluid movement occurring mainly
along perivascular spaces and axonal tracts.”®> We therefore
acknowledge that the absolute flow velocities in our device
do not exactly reproduce the very slow bulk interstitial flow
measured in vivo. However, the higher perfusion rate used
here (1 uL min™", residence time in brain channel of some
minutes) was primarily determined by the technical
limitations of the pumping system and the need to maintain
stable fluid circulation and nutrient exchange over prolonged
culture periods. In addition, the chosen rate ensured
adequate convective transport across the membrane and cell
compartments, allowing for the establishment of soluble-
factor gradients and minimizing bubble formation or
channel obstruction. Another important technical
consideration is that in our microfluidic setup, perfusion
occurs equally across both the vascular and perivascular
compartments. Although this does not fully recapitulate the
compartmentalized fluid dynamics of the in vivo brain
microenvironment, it was necessary for the practical
constraints of our model.

Another limitation of our study is the absence of microglia
in our model. Microglia play a pivotal role in the brain's
response to radiation, serving as key regulators of
neuroinflammation, tissue repair, and neural

tissue

conducive survival
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homeostasis.®**> The lack of microglia in our experimental
setup presents a significant limitation, as their dynamic
interactions with other brain cells, particularly in the context
of radiation-induced injury, are likely to affect both gene
expression profiles and functional outcomes.®? Microglia-
derived molecules have a strong influence on astrocyte
activation and, consequently, on the broader inflammatory
and trophic environment. As highlighted by recent studies,
the bidirectional crosstalk between microglia and astrocytes
can either exacerbate or attenuate neuroinflammation
depending on the stimuli and molecular context.®*®
Including microglia in the model would therefore be
expected to alter cytokine signaling substantially which can
modulate astrocytic and NSPCs behavior. While incorporating
microglia into future models will achieve a more
comprehensive understanding of the brain's cellular and
molecular responses to radiation, our studies point to the
additional importance of the brain microvascular endothelial
cells and astrocytes.

Conclusions

This study highlights the utility of a novel neurogenic chip
setup to model and dissect the complex interactions between
radiation exposure and the human neurogenic niche. By
integrating irradiated astrocytes and brain microvascular
endothelial cells with neural stem and progenitor cells
(NSPCs) in a dynamic microphysiological environment, we
were able to recapitulate key features of radiation-induced
neuroinflammation and its effects on NSPCs viability,
proliferation, and gene expression. Our data demonstrate
that not only the presence, but also the intensity and
composition of the inflammatory response—particularly
under high-dose irradiation—critically influence NSPCs
behavior. Importantly, the model captures cell-cell and cell-
environment dynamics that are absent in static systems,

underscoring its value for mechanistic studies and
therapeutic screening. These findings establish the
neurogenic chip setup as a powerful platform for

investigating radiation-induced neural injury and for guiding
the development of targeted strategies to mitigate long-term
neurocognitive sequelae.
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Abbreviations

AM Astrocyte media

AO Antioxidants

AU Arbitrary units

BBB Blood-brain barrier

CB Cascade Blue

cDNA Complementary DNA
CNS Central nervous system

Ct Threshold cycle

DAPI 4',6'-Diamidino-2-phenylindole

DPI Days post-irradiation

DPBS Dulbecco's phosphate-buffered saline
DTI Defined trypsin inhibitor

EGM Endothelial cell growth medium

FBS Fetal bovine serum

Gy Gray (unit of radiation dose)

HFA Human fetal astrocytes

HBMEC Human brain microvascular endothelial cells
HPI Hours post-irradiation

1 Irradiated

mRNA Messenger RNA

MV Microvascular

NI Non-irradiated

NSPCs Neural stem andprogenitor cells
PCR Polymerase chain reaction

PFA Paraformaldehyde

PDMS Polydimethylsiloxane

PET Polyethylene terephthalate

RPM Revolutions per minute

RT Radiation therapy

SGZ Subgranular zone
Svz Subventricular zone
™ Transwell
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