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A1l Astrocyte-Derived TNFa Drives OPC-like Differentiation of Neu-
ral Stem Cells after Ischemic Injury
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The glial scar that forms after ischemic injury creates a structurally and functionally complex barrier, yet how it regulates neural
stem cell (NSC) fate remains unclear. I combined single-cell RNA sequencing reanalysis of a mouse model with middle cerebral
artery occlusion (MCAOQ) with in vitro experiments using iPSC-derived NSCs to examine astrocyte-NSC interactions. Compu-
tational analysis revealed a reduction in NSC populations alongside increased oligodendrocyte progenitor cells post-injury. I
hypothesized that reactive astrocytes in the glial scar, specifically pro-inflammatory astrocyte states, promote NSC fate shifting
towards an OPC-like phenotype. Reactive astrocytes are key scar components, traditionally classified as A1 (neurotoxic) or A2
(neuroprotective). Cell-cell communication analysis identified TNFc, a pro-inflammatory cytokine secreted around the scar, to
be a significant signaling molecule between NSCs and A1 astrocytes upregulated after injury. In vitro, NSCs co-cultured with
Al astrocytes or exposed to Al-conditioned media (CM) increased expression of NG2+ oligodendrocyte precursor cell (OPC)
markers, a cellular population that localizes to the scar periphery. TNFo alone similarly promoted this phenotype. Al astrocytes
were generated by stimulating homeostatic astrocytes with microglia-derived cytokines, leading to TNFo upregulation by re-
verse transcription quantitative polymerase chain reaction (RT-qPCR) and sustained secretion by enzyme-linked immunosorbent
assay (ELISA). Only strongly stimulated astrocytes maintained elevated TNFo after one week, indicating a threshold-dependent
feedback mechanism. In contrast, astrocytes stimulated under A2 conditions (TNFea + IL-18) did not sustain TNFo secretion.
Finally, pharmacological inhibition of astrocyte activation with dantrolene or salubrinal appeared to reduce TNFa release and
expression, and abrogate its effect on NSCs. Together, these results support a model in which Al reactive astrocytes influence
NSC state and promote OPC-associated marker expression, with TNFo as a potential mediator. Additional lineage-tracing and
loss-of-function experiments will be required to determine whether TNF is necessary and sufficient for NSC fate conversion,
and whether converted cells remain differentiated, localize to the site of the glial scar, and contribute to its function.

Introduction

In response to acute and chronic inflammation or insult to the
central nervous system (CNS), a glial scar forms, a physical
and biochemical barrier formed by reactive glial cells'. The
main cell types surrounding the glial scar lesion are reactive
astrocytes, reactive microglia, and a dense ring of OPCs?.
They isolate infiltrating immune cells and remodel the extra-
cellular matrix (ECM) to limit further injury>®. However, the
glial scar creates a neurotoxic environment over time. Able to
persist for several months, the scar forms a physical and bio-
chemical block to axon regeneration*. Detection of PAMPs
(such as viral RNA or LPS) or DAMPs (such as ATP, mis-
folded proteins, or myelin debris) triggers microglia taking
on a reactive phenotype characterized by a distinct inflam-
matory gene signature>® Pro-inflammatory M1 reactive mi-
croglia secrete cytokines such as TNFe, IL-1a, IL-1f3, and
Clq’, which trigger astrocytes to take on what has been tra-
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ditionally simplified into two different reactive phenotypes?.
While the A2 phenotype is neuroprotective, secreting neu-
rotrophic factors like BDNF?, Al astrocytes have been pre-
viously thought to have minimal if any beneficial functions.
Alongside an impaired ability to carry out regulatory func-
tions of homeostatic astrocytes such as lactate and glutamate
regulation, Al astrocytes are thought to secrete an unidenti-
fied compound '° that leads to neuronal cell death. Although
the A1/A2 dichotomy overly simplifies a much larger contin-
uum of reactive astrocytes states ' 2, it remains a useful ex-
perimental framework for capturing broad patterns in major
astrocyte responses to CNS injury and disease.

NSCs are self-renewing, multipotent cells with the poten-
tial to differentiate into astrocytes, oligodendrocytes and neu-
rons 314, As a result of their sensitivity to inductive signaling,
they tend to occupy specialized niches in the brain with regu-
lated microenvironments that allow them to preserve multipo-
tency, such as the subventricular zone (SVZ) lining the lateral
ventricles and the subgranular zone (SGZ) of the dentate gyrus
of the hippocampus '>. NSC differentiation during glial scar
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formation has previously been a relatively unexplored area of
research. While it is accepted that inflammation generally re-
sults in NSCs forming a higher proportion of glial cells rather
than neurons '°, the primarily signaling pathways resulting in
this preference is an ongoing angle for investigation.

This project sought to address possible signaling molecules
and cell types critical to directing NSC fate. Single-cell re-
analysis of a murine model with a middle cerebral artery oc-
clusion (MCAO) induced glial scar revealed a significant re-
duction in the number of NSCs in the aftermath of glial scar
formation. This trend was consistent across multiple datasets,
raising the question if NSCs were dying or being induced to
differentiate, and what was the source of the inductive signal if
they were specializing. Enrichment of other cell populations,
particularly OPCs, supported the possibility of differentiation
rather than cell death.

Upon examining key signaling pathways with NSCs as re-
ceivers, the TNFa signaling pathway between Al reactive as-
trocytes and NSCs stood out to be significantly upregulated.
This project examines the crucial interaction between Al as-
trocytes and NSCs as the scar forms, contesting the notion that
Al astrocytes are purely detrimental and should be inhibited
from formation !7-18,

Dantrolene and salubrinal were used to dampen TNFo re-
lease in reactive astrocytes. These are inhibitors that con-
verge on the endoplasmic reticulum (ER) stress signaling
pathway. Dantrolene’s primary mechanism of action is sta-
bilizing Ca2+ by blocking ryanodine receptors '*%°, reducing
pro-inflammatory PERK activation, while salubrinal inhibits
elF2a dephosphorylation when PERK is active to give the ER

time to clear and refold proteins>!.

Materials and Methods

Experiments were performed to test how factors secreted by
M1 microglia and Al astrocytes influence NSC differentia-
tion. To further probe the interaction specifically between Al
astrocytes and NSCs, NSCs were given TNF in isolation, in-
cubated with CM from reactive astrocytes, and co-cultured in
direct contact with reactive astrocytes. Cell lineage was cross-
validated through both immunofluorescence microscopy (IF)
and RT-qPCR.

Single-cell RNA-seq reanalysis

Publicly available single-cell RNA-seq data from a mouse
MCAO model (3 sham, 3 MCAO; GSE174574) were pro-
cessed in Seurat. Cells with <200 or >6,000 detected genes,
as well as cells with >5% mitochondrial gene expression,
were excluded. Data were log-normalized (NormalizeData),
highly variable genes identified (FindVariableFeatures), and
scaled (ScaleData). Elbow plots were generated to select the

number of principal components to be 17 for principal compo-
nent analysis (PCA). Graph-based clustering was performed
using FindNeighbors (k = 15, dimensions 1-17) followed by
FindClusters (resolution = 0.6). Clusters were annotated using
established markers (log fold-change 0.5; 30% express-
ing cells). Cell-type proportions between conditions were
compared using Welch’s t-tests. For cell-cell communication,
a CellChat object was created from normalized data and an-
notated cell types. Ligand-receptor interactions were inferred
using the mouse database and filtered to retain pairs with
10% expression in sender or receiver populations, then aggre-
gated into signaling pathways for communication probability
analysis.

Table 1 Marker genes used to annotate cell types in scCRNA-seq
analysis.

Marker genes Cell type

Aqp4, Gfap, Aldhll1 Astrocytes

Mbp, Plpl, Mog Oligodendrocytes
Pdgfra, Sox10, NG2 OPCs

Snap25, Sytl, Rbfox3 Neurons
Cx3crl, Tmem119, P2ry12 Microglia
Pecaml1, Cldn5 Endothelial cells
Foxj1, Dnah9 Ependymal cells
Pdgfrb, Rgs5 Pericytes

C3, Serpina3n, Vim, Lcn2, S100B Al Astrocytes
Empl, Clcf1, Tgml1, Ptx3, S100a10 A2 Astrocytes
Nes, Sox2, Prom1 NSCs

Experiment #1: NSCs + A1/A2 factors

NSCs (ScTi003-A, STEMCELL Technologies) were grown in
NSC maintenance media as floating neurospheres and pas-
saged at >250 um using Accutase. NSC identity was vali-
dated after two weeks through immunostaining on untreated
cells, where >85% were found to be positive for a combina-
tion of NSC markers SOX2, Nestin, PAX6, and PROM1 while
lacking robust expression of markers associated with neuronal
or glial differentiation, such as BIII-tubulin, ALDHILI, O4,
MAP2, NEUN, OLIG2 and SOX10.

To test the combinations of cytokines released during glial
scar formation on NSCs, NSCs were plated on Matrigel at
a seeding density of 10k cells per well in 4 rows on a 96-
well plate. After 24 h, cells were treated with Al factors
(TNFa, IL-1a, Cl1q) or A2 factors (IL-18, TNFa). Two con-
trol rows were maintained in either NSC medium or blank
differentiation medium. After 48 h, factors were removed
and cells were washed 8x with PBS, then differentiated for
2 weeks.

To IF, cells were fixed in 4% PFA (15 min), incubated in
blocking buffer (1 h 45 min), incubated with primary anti-
bodies overnight at 4 C, then secondary antibodies at room
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Figure. 1 Effect of glial scar on proportions of cells in the brain. As shown in the resulting uMAP, radial glia (NSC) populations were
reduced in the group that underwent MCAO and subsequent glial scar formation. Qualitative analysis in R demonstrated this to be a
significant difference (Welch’s t-test, p < 0.01**). Data re-analyzed from Zhang et al., 2022, GSE174574.
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Figure. 2 The number of OPCs was found to be enriched in mice
that had undergone MCAO (Welch’s t-test, p < 0.0001****). This
suggests the possibility that the NSCs may be differentiating into
OPCs. Data re-analyzed from Zhang et al., 2022, GSE174574.

temperature (3 h). 4’,6-diamidino-2-phenylindole (DAPI) was
added to stain the nuclei in a 1:1000 dilution with staining
buffer. Wells were washed 2 times and imaged on a LeicalLasX
microscope.

Experiment #2: NSCs + individual factors

Al factors were tested individually. NSCs were plated in five
rows on a 96-well plate. One row received TNF¢, one row
IL-1c, and one row Clq. After 48 h of incubation with the
cytokines, wells were washed 8x with PBS and media was
replaced with normal NSC media. After 2 weeks, NSCs were
fixed and stained.
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Figure. 3 Conflicting accounts in the literature report whether or
not astrocytes are capable of TNFa secretion, with some sources
arguing that astrocytes in mixed glial cultures produce little to no
TNFo under conditions of LPS, IFN-y, or IL-18 stimulation 22,
However, single-cell analysis using CellChat demonstrated A1
reactive astrocytes to not only secrete TNFa but constitute the
primary TNFa-secreting population at the 24-hour mark post injury.
Experimental data also confirmed A1 reactive astrocytes are able to
express and secrete TNFo. Data re-analyzed from Zhang et al.,
2022, GSE174574.

Experiment #3: TNF« release by reactive astrocytes

Homeostatic, Al, and A2 reactive astrocytes were generated.
Astrocytes were administered activating cytokines on a range
of concentrations, using a serial dilution to test cytokine con-
centrations of 0.25x, 0.5x, 1x, 2x, 4x, 8x, and 16x. The 1x
concentration was 30 ng/mL for TNFa, 3 ng/mL for IL-1q,
30 ng/mL for IL-1f3, and 400 ng/mL for C1q, mimicking the
protocol used by Liddelow et al. (2017) for generating reac-

©The National High School Journal of Science 2026

NHSJS 2026 | 3



tive astrocytes in vitro.

Activation with individual factors was also tested. Titration
experiments comparing 4, 6, 8, and 10 PBS washes showed
that in acellular Matrigel plates that received the same range
of TNFa concentrations, 8 washes eliminated any traces of
recombinant TNFa to below the threshold detectable by the
ELISA kit, supporting that the TNFo later measured was en-
dogenous rather than residual. Furthermore, a trypan blue
live-dead count showed that astrocyte cultures subjected to 8
PBS washes maintained >90% viability. Dantrolene and salu-
brinal were dissolved in DMSO and applied at 3uM or 10uM
to Al astrocytes for 24 h after factor removal; vehicle con-
trols received an equivolume DMSO. Wells were then washed
8x with PBS, returned to fresh astrocyte media, and CM was
collected after 24 h and again after 7 days.

CM from all treatment groups was analyzed using a Human
TNF alpha ELISA Kit (Invitrogen, KHC3013).

Experiment #4: NSCs + astrocyte CM

NSCs were plated on Matrigel in a 24-well plate and differ-
entiated into astrocytes for 2 weeks with BMP4 and CNTF.
Astrocytes were then activated with A1 or A2 factors, with
homeostatic astrocytes as controls. After 5 days, factors were
removed and some Al astrocytes received 3uM or 10uM of
dantrolene or salubrinal for 24 h, followed by 8x PBS washes
and replacement with NSC media. After 24 h, CM was col-
lected and 180 puL per well was applied to NSCs plated in
Matrigel in a 96-well plate. NSCs were left to differentiate
for 6 days, then fixed and stained or collected for RT-qPCR.
rNA was extracted using the QIAGEN RNeasy kit, quantified
by NanoDrop (typically 100 ng/uL, with acceptable 260/280
ratios) and reverse-transcribed with the High-Capacity RNA-
to-cDNA kit (Thermo Fisher). RT-qPCR was then performed
using PowerTrack 2x SYBR Green Master Mix. 3.5 uL of
c¢DNA, 2 puL of indicator dye, and 29.5 uL of ultra-pure water
were added to a total volume of 35 uL. Primers were prepared
by adding 8 uL forward primer, 8 uL reverse primer, and 84
uL of ultra-pure water. 17.5 uL of the diluted primers were
added to 175 puL SYBR Green and 122.5 uL of ultra-pure
water before combined with cDNA to a 384-well plate. The
ThermoCycler protocol was 37 C for 60 minutes, 95 C for 5
minutes, and 4 C for 30 minutes.

Experiment #5: NSCs + astrocyte co-culture

NSCs were transfected with a GFP™* lentivirus and co-cultured
with homeostatic, Al, or A2 reactive astrocytes. Astrocytes
were activated for 5 days, washed 8x with PBS, and then
seeded with NSCs at a 1:1 ratio (10,000 cells each) in 96-well
plates in NSC media. After 6 days, co-cultures were sepa-
rated for downstream analysis using Flow Cytometry, gating

for GFP* NSCs versus GFP- astrocytes.

NSC process complexity was quantified in ImageJ. A bi-
nary mask of all cell processes was created and skeletonized.
Then, the GFP-nuclear channel was examined to delete ROIs
that lacked a GFP* nucleus. Running AnalyzeSkeleton on
the remaining skeletons yielded a Results table reporting the
number of branches and average branch length per skeleton.

Image Quantification and Statistical Analysis

All experiments were performed with three independent bi-
ological replicates. For IF, ten fields of view were acquired
per well and averaged to yield the image-based quantifications
presented for each biological replicate. Cells were identified
based on DAPI staining, and binary masks (minimum object
size of 20 um?, circularity 0.3-1.0) were used to quantify the
percentage of positive cells and mean fluorescence intensity
per cell. Images were set to the same minimum and maximum
intensity before comparison.

Error bars represent standard deviation. Two-tailed Welch’s
t-tests were used for comparisons between two groups, while
comparisons between more than two groups used one-way
ANOVA with Tukey’s post-hoc test. P-values of <0.05 were
determined to be significant.

Table 2 Materials for cell culture and IF; key software and analytical
tools used for scRNA-seq reanalysis, imaging, and quantification.

Astrocyte media NSC media

PVA 90% 480 pL. DMEM/F12 500 ml
NAC 100x 480 puL Neurobasal 500 uL
Neurobasal (L glutamine) 24 mL N2 5 mL

DMEM/F12 (1:1) 24 mL
N2 Supplement 480 uL
B27 (Vit-A) 960 uL

B27 (50x) 20 mL
Glutamax 10 mL
Penn Strep 10 mL

hEGF 48 uL hEGF(20 ug/mL) 1 mL
ITSX Insulin 480 uL. FGF2(20 ug/mL) 1 mL
Blocking Buffer Staining Buffer

5 mL 3% Triton X-100
1.5 mL horse serum
43.5mL 1x TBS

16.6 mL blocking buffer
33.4mL Ix TBS

Blank differentiation media

DMEM/F12 500mL
Neurobasal Medium 500mL
GlutaMAX 10mL
MEM-NEAA (100x) 10mL
2-mercaptoethanol 0.5mL
N2 5mL

B27 -VitA (50x) 20mL
2-p-L-AA (100x) 10mL

Computational tools

R Studio for single-cell sequencing, using
datasets downloaded from NCBI

Image]J for editing immunofluorescence
microscopy images and AnalyzeSkeleton
to compare relative branch length between
Al and A2 astrocytes.

Results

Experiment #1: NSCs + A1/A2 factors

After two weeks of differentiation, Al-treated NSCs exhibited
a significantly higher proportion of C33 cells (68.3%

6.1%)
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Figure. 4 Brightfield images of astrocyte differentiation and activation from iPSC-derived NSCs.

Table 3 Primary antibodies used for IF to identify NSCs, OPCs, and
reactive astrocyte markers (Al-like and A2-like states).

Target Cell Type Supplier Product Code  Concentration
OLIG2 OPC Abcam ab109186 1:500
SOX10 OPC Abcam ab227680 1:300
C3 Al Astrocyte Invitrogen PA5-114921 1:300
S100A10 A2 Astrocyte Invitrogen MAS-15326 1:500
S100B Al Astrocyte Abcam ab52642 1:500
Nestin Al Astrocyte, NSC Abcam ab22035 1:500
SOX2 NSC Abcam ab97959 1:500
GFAP NSC Abcam ab4674 1:5000
PDGFRA OPC Abcam ab203491 1:500
than control (5.4% 1.8%) or A2-treated cells (7.1% 2.3%)

(one-way ANOVA with Tukey’s post hoc test, p < 0.001%%%*).
Most C33 cells (72.5%  5.8%) were also PDGFRA™* of C33
cells were also PDGFRA™, and exhibited increased branching
phenotypically characteristic of the dense, fibrous web around
the site of the glial scar.

Experiment #2: NSCs + individual factors

TNFo-treated NSCs upregulated OPC-associated markers rel-
ative to IL-1a or Clq. TNFa-treated NSCs exhibited both
higher PDGFRA mean fluorescence intensity (0.758  0.036
vs. 590  0.032 for C1qand 0.187  0.014 for IL-1¢¢ ) and a
greater fraction of PDGFRA™ cells (0.761  0.017 vs 0.363
0.016 and 0.026  0.002 respectively; one-way ANOVA with
Tukey post hoc, all p < 0.01**). In contrast, IL-1a-treated
NSCs showed low PDGFRA and SOX10 but robust expres-
sion of Al-associated markers GFAP and C3, with SOX2 ex-
pression restricted to this group.

Experiment #3: TNF« release by reactive astrocytes

Astrocytes stimulated with the highest cytokine concentra-
tions exhibited the most sustained release of TNFa after 7
days. Out of the astrocytes that had received TNFa, IL-1c,

or Clq alone only the group that had received TNFo demon-
strated significant TNFa release after 24 h as well as after
a week. However, A2 astrocytes given TNFo and IL-1f in
combination did not release TNF¢. Dantrolene and salubrinal
reduced TNFa release by ELISA and TNFa mRNA and other
Al-associated inflammatory markers by RT-qPCR.

Experiment #4: NSCs + astrocyte CM

Al astrocyte CM increased PDGFRA™ NSCs (58.9%  6.0%)
compared to homeostatic CM (9.6%  3.8%) and A2 CM
(223%  4.1%) (p < 0.001***). SOX10™ cells similarly in-
creased (54.1% 5.7% vs 7.2%  3.5% and 20.5% 3.9%,
respectively). Mean fluorescence intensity for both markers
increased by approximately 2-fold. CM from inhibitor-treated
Al astrocytes abrogated these effects, preserved multipotent
markers, and allowed neurosphere-like aggregate formation.

Experiment #5: NSC + reactive astrocyte co-cultures

NSCs co-cultured with A1l astrocytes demonstrated increased
proliferation, as shown by a higher percentage of GFP* cells
despite all groups being seeded 1:1. Additionally, this group
exhibited longer average branch lengths (6.48 5.98 um;n=
10,851 branches) than those with A2 astrocytes (1.66  1.64
um; n = 8,882 branches). Al co=cultures also showed higher
PDGFRA and lower NEUROD1 expression relative to home-
ostatic co-cultures.

Discussion and future directions

This study identifies a key signaling pathway between Al re-
active astrocytes and NSCs that is upregulated during glial
scar formation. Through direct exposure to as well as exper-
iments involving conditioned media and co-cultures, TNFa
from Al astrocytes drove NSCs to increase expression of
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Figure. 5 NSCs given Al factors express C3. NSCs that had been given NSC media + A1 factors were C3, while NSCs that had been given

NSC media, blank differentiation media, or NSC media + A2 factors expressed no C3. C3 is shown in red; blue is DAPI used to stain cell
nuclei.

PDGFRA SOX10 C3 SOX2

IL-1a

Figure. 6 (A) Effect of individual factors given directly to NSCs. TNF« resulted in upregulation of PDGFRA and SOX10, suggestive of
OPCs. (B) Image analysis in ImageJ and R demonstrated the percent of cells expressing as well as the average mean intensity to be increased
among TNFq-treated NSCs. IL-1¢ resulted in upregulation of C3, SOX2, and GFAP suggestive of A1 astrocytes.
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Table 4 Cytokines, inhibitors, reagents, cells, and kits used.

Reagent Use Supplier Catalogue Number
TNFa Al induction, A2 induction Gibct” 300-01A-10UG
IL-1a Al induction GibcdM 200-01A-2UG
IL-1b A2 induction Gibcd™ 200-01B-2UG
Clq Al induction MilliporeSigm&* 20-487-61MG
BMP4 Astrocyte differentiation Gibdd! PHC9534
CNTF Astrocyte differentiation Gibdd! 450-13-20UG
Dantrolene TNFa release inhibition Selleck Chemi€als E4902
Salubrinal TNFa release inhibition Thermo Scienfl"¢ Chemicals J64192.LBO
QIAGEN RNeasy Kit RNA extraction QIAGEW 74104
High-Capacity RNA-to-cDNA Kit cDNA synthesis Applied BiosysteHfs 4387406
PowerTrack 2 SYBR Green Mix RT-gPCR Applied Biosystem$ A46109
Human TNFa ELISA Kit TNFa quanti cation Invitrogem™ KHC3013
Human iPSC-derived Neural Neural progenitor cells for STEMCELL™ Technologies 200-0620
Progenitor Cells (SCTi003-A) experimentation and astrocyte

differentiation

Figure. 7 TNFa release measured by ELISA across varying cytokine concentrations, combinations, and with inhibitors. “S” indicates the

sample of media was collected 24 h after cytokines were removed, while “L” is indicative of 7 days. In the absence of either letter, the sample
was taken at the 24 hour time point.

Figure. 8 RT-qPCR con rmed not only a reduction in TNFa expression but other in ammatory markers associated with A1 astrocytes after
treatment with dantrolene or salubrinal.

OPC-associated markers, though lineage-tracing and fun@&tion from transient state changes. Reactive astrocytes stimu-
tional myelination assays are needed to distinguish differentitated at higher concentrations of pro-in ammatory microglia-







