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ARTICLE INFO ABSTRACT

Keywords: Hemorrhagic stroke, specifically intracerebral hemorrhage (ICH), has been implicated in the development of
Hemorrhagic stroke persistent cognitive impairment, significantly compromising the quality of life for affected individuals. Never-
ROS theless, the precise underlying mechanism remains elusive. Here, we report for the first time that the accumu-
Ezz:z;i‘;:eu pool lation of iron within the hippocampus, distal to the site of ICH in the striatum, is causally linked to the observed

cognitive impairment with both clinical patient data and animal model. Both susceptibility-weighted imaging
(SWI) and quantitative susceptibility mapping (QSM) demonstrated significant iron accumulation in the hip-
pocampus of ICH patients, which is far from the actual hematoma. Logistical regression analysis and multiple
linear regression analysis identified iron level as an independent risk factor with a negative correlation with post-
ICH cognitive impairment. Using a mouse model of ICH, we demonstrated that iron accumulation triggers an
excessive activation of neural stem cells (NSCs). This overactivation subsequently leads to the depletion of the
NSC pool, diminished neurogenesis, and the onset of progressive cognitive dysfunction. Mechanistically, iron
accumulation elevated the levels of reactive oxygen species (ROS), which downregulated the expression of Itga3.
Notably, pharmacological chelation of iron accumulation or scavenger of aberrant ROS levels, as well as
conditionally overexpressed Itga3 in NSCs, remarkably attenuated the exhaustion of NSC pool, abnormal neu-
rogenesis and cognitive decline in the mouse model of ICH. Together, these results provide molecular insights
into ICH-induced cognitive impairment, shedding light on the value of maintaining NSC pool in preventing
cognitive dysfunction in patients with hemorrhagic stroke or related conditions.

Cognitive impairment

1. Introduction lifespan and diminished quality of life for those affected. Despite the

gravity of this situation, research efforts have predominantly focused on

Intracerebral hemorrhage (ICH), a lethal subtype of stroke, is widely
recognized as a major contributor to global mortality and disability. The
incidence of ICH varies between 10 and 20% in western countries,
whereas it exhibits an even higher prevalence of 30-40% in Asia [1-3].
Among patients diagnosed with ICH, about 19%-63.3% of them expe-
rience cognitive impairment within four years following the onset of ICH
[4-10]. The cognitive impairment is associated with shorter average
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post-ICH motor recovery, with relatively less attention given to post-ICH
cognitive recovery. Understanding the underlying mechanisms and
exploring treatment strategies for post-ICH cognitive impairment are
still in its early stage of investigation.

Adult neurogenesis primarily occurs in two regions: the subgranular
zone (SGZ) of dentate gyrus (DG) in the hippocampus and the sub-
ventricular zone (SVZ) [11,12]. Neural stem cells (NSCs) have the ability
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to undergo self-renewing or differentiate into intermediate progenitor
cells (IPCs), which ultimately mature into neurons or glial cells [11,13].
This process is known as neurogenesis and contributes to learning and
memory. Impaired hippocampal neurogenesis has been associated with
cognitive impairment, dementia, depression, epilepsy, and schizo-
phrenia [14-16]. Some studies have indicated that stroke affects adult
neurogenesis in the SVZ or DG [17-19]. However, the specific temporal
and spatial patterns of hippocampal neurogenesis following ICH, as well
as its impact on the NSC pool and cognitive function, remain largely
unknown.

Iron plays a pivotal role in multiple biological function of the brain
[20,21], while dysregulation of iron balance could induce neurotoxicity
through various mechanisms [22,23]. Our previous studies have
demonstrated that iron accumulation after ICH contributes to secondary
brain damage via inflammatory reactions, oxidative stress, etc [24-33].
Whether local iron accumulation could affect the hippocampus and
subsequently adult hippocampal neurogenesis and cognition after ICH
remain elusive. In this study, our aim was to investigate the impact of
basal ganglion ICH on adult hippocampal neurogenesis and cognition, as
well as to explore the possible mechanisms involved. Clinical data
showed an association between the level of iron accumulation in the
hippocampus and cognitive impairment in ICH patients. Iron accumu-
lation causes excessive ROS production and overactivation of NSCs in
the early stage, subsequently downregulating Itga3, which leads to the
depletion of the NSC pool, impaired neurogenesis and cognition
following ICH.

2. Materials and methods
2.1. Clinical samples

The clinical study was approved by the Ethics Committee of the First
Affiliated Hospital of the Army Medical University, and all patients who
participated in the study signed written informed consent. In our study,
we collected MMSE and MOCA scores from patients diagnosed with
basal ganglia ICH. Cognitive impairment was confirmed if the MMSE
score was below 27 and the MOCA score was below 26 [34-36]. Sus-
ceptibility weighted imaging (SWI) was obtained from the phase map of
the SWI sequence [37]. For each subject, the hippocampus was selected
from anterior to posterior, and six layers were chosen as the region of
interest. Then, quantitative susceptibility mapping (QSM) analysis was
conducted to enhance visualization and quantify the extent of iron
accumulation in the hippocampus [38]. Briefly, the QSM reconstruction
was implemented using the STISuite4 software package. The phase
unwrapping step employed the Laplacian method to resolve phase am-
biguities in the images. Background field removal was performed using
the Variable-Shaped Kernel for Complex Harmonic Artifact Reduction
and Phase Preserve (VSHARP) algorithm, which effectively eliminates
background field distortions. Finally, the tissue susceptibility distribu-
tion was inverted using the STAR-QSM method, which incorporates a
stripe artifact reduction technique, to obtain the final quantitative
magnetic susceptibility map.

2.2. Mouse strains

The mouse strains used in our experiment included as following:
C57BL/6J, Nestin-GFP, Nestin—CreERTz, Rosa26R-CAG:tdTomato,
Rosa26 Loci-CAG:floxed-STOP-Itga3CDS:EGFP. To label endogenous
NSCs, we crossed Nestin-CreER™? with Rosa26R-CAG:tdTomato. To
conditionally overexpress Itga3 on NSCs, we crossed Nestin-CreER™>
with Rosa26 Loci-CAG:floxed-STOP-Itga3CDS:EGFP. All mice in this
study were backcrossed to the C57BL/6J background for at least six
generations. To induce recombination, adult mice (6-8 weeks) were
intraperitoneally injected with tamoxifen (150 mg/kg for 5 days). Mice
were housed in a relatively sterile environment with a 12-h light cycle at
room temperature and controlled relative humidity. All animal
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experiments were conducted in compliance with China’s animal welfare
law for the protection of scientific research animals and were approved
by the Army Medical University for the use of laboratory animals.

2.3. Animal models

The ICH model was referred to our previous study [29]. Briefly, mice
were secured on the stereotaxic apparatus and anesthetized using iso-
flurane. The entire process consists of skin preparation, disinfection,
cranium exposure and injection under strictly sterile conditions. After
carefully drilling a burr hole, insertion of a needle was inserted on the
right side of the skull without penetrating the meninges. The bregma
served as a reference point, with coordinates of 2.0 mm to the right and
0.6 mm forward. A microinjection syringe was then inserted into the
basal ganglia to a depth of 3.0 mm and 20 pL of nonheparinized autol-
ogous blood was injected at a velocity of 2 pL/min. Then, the needle was
kept in place for 10 min before being slowly withdrawn. In Sham mice,
the needle was inserted into the brain without injection. Following the
injection, the incision was disinfected and sutured using silk sutures.

2.4. Isolation and culture of hippocampal neural stem cells

Improving upon previous methods [26,39], we breed mice in-house
by housing males and females together. Fifteen days after birth, P15
mice were euthanized by cervical dislocation, and the whole brain tissue
was placed in ice-cold Hank’s balanced salt solution (HBSS). The hip-
pocampus was dissected under a microscope, and the tissue was washed
with pre-chilled PBS buffer. Papain enzyme was used to digest the tissue
blocks, followed by termination of digestion with 10% FBS (Gibco,
10099141C). The tissue was gently triturated in DMEM/F12 (Gibco,
C11330500 b t) medium, and the resulting cell suspension was cultured
in neural stem cells (NSCs) culture medium, which consisted of
DMEM/F12, 2% B27 (Gibco, Grand Island, NY), 20 ng/mL EGF
(Peprotech, Rocky Hill, NJ), and 20 ng/mL FGF-2 (Peprotech, Rocky
Hill, NJ). The cell suspension was passed through a 70 pm cell strainer,
and NSCs culture medium was added. Subsequently, the cells were
incubated in a dedicated cell culture incubator (37 °C, 5% CO5). Upon
the formation of suspended neurospheres, the cells were subjected to
passaging. For the passaging procedure, the neurospheres were initially
centrifuged to consolidate the cells, and subsequently, the supernatant
was carefully discarded. Accutase® was utilized to dissociate the cells
for 12 min in order to obtain single cells, with gentle agitation of the
centrifuge tube during digestion to ensure thorough dissociation. The
digestion was terminated by adding 2-3 mL of NSCs culture medium to
prevent over-digestion and cell damage. The cells were then centrifuged
at 300G, and the supernatant was discarded. The single cells were
resuspended in fresh culture medium, and poly-L-ornithine (10 pg/mL)
was used for pre-coating the culture surface for subsequent cell adhesion
experiments.

2.5. EdU administration

For in vivo labeling of cell proliferation, EQU (Beyotime, ST067) was
dissolved in PBS and intraperitoneally injected at a dose of 50 mg/kg 24
h prior to the experimental analysis. For in vivo cell differentiation la-
beling, EAU was injected at a dose of 200 mg/kg for 3 days and analyzed
30 days later. For in vitro cell proliferation labeling, EAU was added to
the NSCs suspension at a final concentration of 10 pM and incubated for
4 h before analysis. To monitor the penetration of EdU, brain frozen
slices or cell staining were performed according to the manufacturer’s
instructions (Beyotime, C0075S). Briefly, the corresponding working
solution was prepared and incubated at 37 °C for 40 min, followed by
immunostaining analysis.
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2.6. Tamoxifen administration

To induce recombination, mice received tamoxifen (Sigma-Aldrich,
T5648) daily for 5 days (180 mg/kg intraperitoneal injection, 30 mg/mL
in 10% sunflower oil, Sigma-Aldrich).

2.7. Iron content assay

Tissue iron content in the hippocampus was determined using an
enzyme-linked immunosorbent assay (ELISA) kit (BioAssay Systems).
The procedure was performed according to the manufacturer’s in-
structions. Briefly, mouse hippocampus was dissected and homogenized
in 200 pL of tissue lysis buffer at 4 °C for 2 h, followed by centrifugation
at 12,000 rpm for 10 min at room temperature. The supernatant was
collected for measurement. Standard curve with different concentra-
tions of iron was prepared according to the kit instructions. The diluted
test samples were mixed with the working solution, incubated at 60 °C
for 1 h, and then centrifuged at 12,000 rpm for 5 min. The supernatant
was collected and mixed with 30 pL of iron ion detection reagent. It was
then incubated at room temperature for 30 min and subsequently
centrifuged at 12,000 rpm for 5 min. The absorbance at 550 nm was
measured to determine the iron ion concentration in the tissue. The
measurement of iron in CSF was performed as described in our previous
study [40].

The iron level in CSF was measured using the Liquid Sample Total
Iron Content Colorimetric Assay Kit (APPLYGEN). The main principle of
this assay kit is based on the efficient conversion of iron into its ferrous
form by a reducing agent. Subsequently, the ferrous iron reacts with
ferricyanide to form a distinct purple-red colored compound. The con-
centration of this compound can be accurately determined using color-
imetric analysis within the wavelength range of 540-580 nm.

2.8. Deferoxamine (DFO) and N-acetylcysteine (NAC) administration

In vivo, DFO (100 mg/kg, dissolved in saline, Sigma-Aldrich) and
NAC (1 mg/kg, dissolved in saline, Sigma-Aldrich) were administered by
intraperitoneal injection every 12 h for a total of 7 consecutive days. In
vitro, NSCs was pretreated with DFO (5 pM) or NAC (1 pM) once.

2.9. Dihydroethidium (het) administration

The ROS-sensitive dye dihydroethidium (Het, 25 mg/kg, Sigma-
Aldrich) was injected 4 h before analysis. Fluorescence intensity of
brain sections was analyzed using Zen (Carl Zeiss, Weimar, Germany).

2.10. Immunohistochemistry

Saline was used for perfusion followed by 4% paraformaldehyde
(PFA) for tissue fixation. The brain was dissected and immersed in 4%
PFA overnight, and then equilibrated in 30% sucrose mixed to PBS
buffer. Brain tissue was sectioned on the coronal plane at a thickness of
30 pm on frozen section machine. Serial sections of hippocampal dentate
gyrus were found in 6-well plates filled with antifreeze.

Brain sections were incubated with 0.5% TritonX-100 at room tem-
perature for 1 h, followed by fetal bovine serum blocking for 2 h, stained
with the primary antibodies over night at 4 °C. The corresponding sec-
ondary antibodies were incubated at room temperature for 2 h. Primary
antibodies as following: GFP (1:1000, Aves labs), GFP (1:500,Invi-
trogen), RFP (1:1000,abcam), rabbit anti-Nestin (1:100,abcam), mouse
anti-Nestin (1:400,abcam), rabbit anti-Sox2 (1:100,abcam), rabbit anti-
GFAP (1:400,CST), rabbit anti-Ki67 (1:400,CST), mouse anti-GFAP
(1:400,CST), rabbit anti-MCM2 (1:800,CST), rabbit anti-DCX (1:800,
CST), rabbit anti-NeuN (1:500,CST), rabbit anti-Ferritin (1:200,abcam),
rabbit anti-Itga3 (1:400,abcam). Secondary antibodies as following: goat
anti-chicken Alexa Fluor 488 (1:500, abcam), goat anti-mouse Alexa
Fluor 488 (1:500, abcam), goat anti-rabbit Alexa Fluor 555 (1:500,
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abcam), goat anti-mouse Alexa Fluor 555 (1:500, abcam), goat anti-
rabbit Alexa Fluor 594 (1:500, abcam), goat anti-rabbit Alexa Fluor
647 (1:500, abcam). Images were acquired on confocal system (LSM
880).

2.11. Fe" injections

In vivo, FeCLy was dissolved in saline at a concentration of 2 mM.
Stereotaxic injection point in DG of hippocampus using the following
coordinates relative to bregma: lateral, + 1.7 mm; anteroposterior,
—2.0 mm; ventral, —2.0 mm. To observe the effect of iron on stem cells
pool and neurogenesis, we injected 1 pL of FeCL; solution into the DG or
control injection of the same volume of saline. In vitro, NSCs were
stimulated with 25 uM Fe?" after 24 h of cellular resuscitation.

2.12. Lentiviral transfection

The procedures for Itga3 overexpress were performed according to
the manufacturer’s instruction. NSCs were infected with Itga3 sgRNA
lentivirus at 20 MOI. The medium containing 3 pg/mL puromycin was
replaced every 24 h. At the scheduled time point, the cells were har-
vested for further assays. The following target sequences were used in
the present experiments:

Itga3 sgRNA: TTCTCCGAACGTGTCACGT.

2.13. RNA-seq and data analysis

We used 8-week-old Nestin-GFP mice as models (ICH group) and
sham-operated mice (sham group) as controls. At 7 days after ICH, we
harvested hippocampal stem cells from two groups of mice. Briefly,
Nestin-GFP mice were killed by necking, and the hippocampal tissue was
microscopically separated by an auxiliary microscope instrument and
placed in cold HBSS buffer. The tissue was digested by papain and
passed through a 70 pm filter. The cell suspensions were subsequently
sorted at 20 psi with an 80 pm filter on a FACS Aria 11. GFP™ cells were
sorted directly into cryogenic cell lysates and stored in a —80 °C for
sequencing use. The experiment was repeated 3 times with 6 mice in
each group.

The RNA-seq library was constructed and sequenced using Smart-seq
2 technology. Briefly, lysed cells were thawed and placed in the SMART-
Seq V 4 ultra Low Input RNA Kit to amplify RNA amplification. U The
library was built using the Nextera XT toolkit. The RNA quantity and
purity, as well as the percentage of sequencing reads mapped to the
reference genome, were generally higher than 70% in this experiment.

FASTQC checks the quality of the raw reads and trims the reads using
BTRIM64. The trimmed reads were mapped to the mouse genome using
Tophat 2 and to mouse genes using RSEM. Expression levels for each
gene were quantified in units per million transcripts (TPM) and the
number of fragments per million fragments (FPKM) was plotted using
RSEM (V1.2.15) with default parameters. Differential expression were
identified when its log fold change>1.5 and p < 0.05, performed with
DESeq2. The Gene Ontology database was used to explore the differ-
ential genes and the possible mechanisms of their biological processes.

2.14. RT-qPCR

Total RNA isolation from the animal tissues and cells were performed
using Trizol® (Invitrogen) according to the manufacturer’s instructions.
The cDNA was reverse transcribed by ezDNase enzyme kit (Promega).
RT-qPCR was performed with the QuantStudio Real-Time PCR system
(Applied Biosystems). The primers used for qPCR are as follows:

Itga3:

Forward: 5-ACCTTTACCCAGACCTGCTAGTA-3'

Reverse: 5-GAACACAGGAGGTAGCTGTACAA-3'

Itgb3:

Forward: 5-TGTCGTCAGCCTTTACCAGAATT-3'
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Reverse: 5-ACGTACTTCCAGCTCCACTTTAG-3
Ctsj:

Forward: 5-GAGCCAAATTGCAGCAGTTACTT-3'
Reverse: 5-TGTCTCCACCATGTCTTCCTTTG-3'
Cts3:

Forward: 5-GCGGACACAGATTGCATGTAATT-3'
Reverse: 5-CTTCCGTCAACACAGTCCACTAG-3'
Ephal:

Forward: 5-GCCTTACGCCAACTACACATTTA-3'
Reverse: 5-GTGCCATTCTTCGTCCTGATTCA-3'
49304861.24Rik:

Forward: 5-GCTGGACTGCATGGGATCTAATG-3'
Reverse: 5-TGCACTTTCTACCTGGTCCTATG-3'
GAPDH:

Forward: 5-AACGGGAAGCCCATACC-3'
Reverse: 5-CATACTCAGCACCGGCCTCA-3'

2.15. Western blot

Tissue was lysed using RIPA lysate containing Protease inhibitor and
phosphatase inhibitors (Roche). Protein samples were separated by 10%
or 15% SDS-PAGE and then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore). Subsequently, 10% skim milk is sealed
at room temperature for 2 h. Afterward, they were incubated with rabbit
anti-Ferritin (1:1000, CST), rabbit anti-SOD1 (1:1000, CST), rabbit anti-
SOD2 (1:1000, CST), rabbit anti-Itga3 (1:500, Boster), rabbit anti-Itgb1
(1:1000, CST), rabbit anti-Laminin (1:1000, CST), rabbit anti-E-cadherin
(1:1000, CST), mouse anti-GAPDH (1:1000, Santa Cruz Biotechnology),
mouse anti-Tublin (1:1000, Santa Cruz Biotechnology) antibodies
overnight at 4 °C. Secondary anti-mouse and anti-rabbit horseradish
peroxidase (HRP)-conjugated antibodies (1:10,000, Boster) were used to
conjoin the primary antibodies at room temperature for 2 h. Finally,
blots were visualized by electrochemiluminescence (ECL) substrate
(ThermoFisher). Signals were detected by Image Lab™ software (Bio-
Rad), and analyzed by Image Lab™ software (Bio-Rad).

2.16. Behavioral tests

We evaluated the cognitive function of mice by Morris water maze
(MWM), New Object Location (NOL) and New Object Recognition
(NOR).

The MWM was divided into two stages: training and testing. For
training stage, an invisible escape platform was located in the same
spatial location 1 cm below the water surface independent of a subject’s
start position on a particular trial. Mice were placed in the water maze
from 4 different starting positions. In this way, each animal would be
able to determine the platform’s location, and each animal was given 4
trials/day for consecutive 4 days. Twenty-four hours after the final
training trial, a probe trial was performed, but the platform was
removed.

NOL and NOR: Briefly, mice adapted to the environment alone for 10
min without objects. After 24 h, two identical same objects were placed
on the side of the empty box and the mice were allowed to explore freely
for 30 s. After 24 h, object recognition was tested by replacing a new
object or location; the exploratory behavior of the mice was recorded
with a VCR recorder for 10 min. New object or location preference
expressed as the percentage of time spent exploring a new object or
location versus the cumulative time spent exploring both objects.

2.17. Statistical analysis

All experimental data were analyzed using SPSS 23.0 and presented
as mean + SEM. Data were verified with the Shapiro-Wilk normality
test. Independent-sample t-tests were used for numerical comparisons
between the two groups, while one-way analysis of variance for com-
parisons between multiple groups, and tested with Tukey’s post hoc test.
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P < 0.05 was considered statistically significant.

The influence of iron accumulation on cognitive impairment after
ICH was analyzed using multivariate logistic regression. All variables
with a significance level of less than 0.1 in the univariate analysis were
included in the multivariate logistic regression analyses. Spearman
correlation coefficient and linear regression analyses were adopted to
investigate the associations between hippocampal iron level and post-
ICH cognition.

3. Results

3.1. Cognitive impairment is associated with iron accumulation in the
hippocampus following ICH

We initially conducted cognitive evaluation in patients with basal
ganglion ICH using MMSE and MoCA tests, which are most common
cognitive assessments [41-44]. Among 91 ICH patients enrolled, we
identified 30 patients complicated with cognitive impairment based on
both their MMSE (<27 points) and MoCA scores (<26 points). These
cognitive assessments were obtained at a minimum of 6 months
following the onset of ICH. We recruited 30 healthy participants
matched with the ICH patients in age, sex, and education background
(Table S1). Thus, MRI T1 (Fig. 1A) and SWI (Fig. 1B) data was obtained
from 30 healthy individuals and 91 ICH patients. Upon analysis, we
found that patients with ICH exhibited higher hippocampal phase shift
values (denoting higher iron content) and lower MoCA and MMSE scores
compared to the healthy control (Fig. 1B and C), suggesting that iron
accumulation in hippocampus occurred after ICH and may contribute to
cognitive impairment. By employing quantitative susceptibility map-
ping (QSM), a more precise method for assessing tissue iron levels, we
found the significant iron accumulation in the hippocampus following
ICH (Fig. 1D and E). Additionally, we detected the iron levels in the
cerebrospinal fluid (CSF) of ICH patients over time (Fig. 1F). The find-
ings showed that the increased iron level peaked at 7 days and continued
at least 28 days after ICH.

To unravel the association between iron accumulation and cognitive
impairment, we categorized the ICH patients into two groups based on
the presence or absence of cognitive impairment (Table S2). Quantita-
tive analysis showed a higher iron level in the patients with cognitive
impairment than those without cognitive impairment (Fig. 1G and H).
Moreover, both multivariate analysis (Table S3) and multiple linear
regression analysis (Fig. 1I) revealed that elevated iron level is an in-
dependent risk factor for cognitive impairment after ICH with a negative
correlation (Fig. 1G and H), suggesting that iron accumulation con-
tributes to cognitive impairment after ICH.

To further dissect the link between iron accumulation in the hippo-
campus after ICH and cognitive impairment, we established striatum
ICH model in mice, which mimics the most prevalent type of ICH (basal
ganglion ICH) [1,2,45,46]. We evaluated the cognitive function in the
chronic phase (at 90 days after ICH) using a water maze experiment. ICH
mice showed decreased platform-crossing times compared with the
Sham group. ICH mice also exhibited a significant delay in reaching the
invisible platform and spent less time in the platform quadrant
compared to the Sham mice (Figs. SIA and B). Similarly, novel object
recognition (NOR) and novel object location (NOL) tests showed that the
ICH group spent less time exploring new locations and objects, whereas
the Sham group dedicated more time to these tasks (Figs. S1C and D).
These results demonstrated that basal ganglion ICH leads to cognitive
impairment, which is consistent with the findings in ICH patients.

In our previous studies, we revealed a significant accumulation of
iron around hematomas following ICH [24,47]. However, whether iron
accumulation occurs in distant areas such as hippocampus after striatum
ICH remains unclear. To confirm the aforementioned data, we took
advantage of western blotting to detect the expression of Ferritin in the
hippocampus. The results showed that the expression of Ferritin in the
hippocampus of ICH group was significantly elevated compared to the
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Fig. 1. Cognitive impairment is associated with iron accumulation in the hippocampus following ICH (A) Axial MRI images of basal ganglia (dashed rectangle) and
hippocampus (dashed irregular) of healthy controls and ICH patients. (B-C) Axial SWI phase images showing the interesting region of healthy controls (n = 30) and
ICH patients (n = 91). Black arrows indicate the regions of interest. Quantification and comparison of phase shift values used in quantitative analysis of iron content,
MoCA score and MMSE score used to evaluated cognition of healthy controls and ICH patients. (D-E) Axial QSM reconstruction conducted from SWI phase of healthy
controls (N = 10) and ICH patients (n = 10). White arrows indicate the regions of interest. Quantification and comparison of magnetic susceptibility of healthy
controls and ICH patients. (F) Quantification and comparison of CSF iron level of healthy control (n = 11) and ICH patients (n = 11) at day 3, day 7 and day 28 after
onset. (G-H) Axial SWI phase images showing hippocampal regions of interest in ICH with (n = 30) and without (n = 61) cognitive impairment (CI) for quantitative
analysis of iron content. Black arrows indicate the regions of interest. Quantification and comparison of phase shift values used in quantitative analysis of iron
content, MoCA score and MMSE score of ICH patients with or without cognitive impairments. (I) Spearman correlation coefficient and linear regression analyses were
adopted to investigate the associations between Phase shift value and MoCA or MMSE score in ICH patients. (C, E, F) *P < 0.05; **P < 0.01; ***P < 0.001 vs
corresponding Control. (H) ***P < 0.001 vs corresponding ICH without CL

Sham group from day 3 to day 28, with the highest level observed on day
7 after ICH onset (Figs. S1E and F). Additionally, the quantification of
total iron levels within the hippocampus using ELISA assay showed
similar trend (Fig. S1G), providing direct evidence of iron accumulation
in the hippocampus after ICH.

3.2. Overactivation of hippocampal NSCs in the acute phase leads to NSC
pool exhaustion and decreased neurogenesis after ICH

Given the pivotal role of neurogenesis in the preservation of cogni-
tion, our study delved into the activation of NSCs and the consequential
changes in neurogenesis subsequent to ICH. To assess NSCs activation,
we administered intraperitoneal injections of EAU (50 mg/kg) 24 h
before proliferation analysis using Nestin-GFP mice. Interestingly, the
total number of rNSCs (GFAPTGFP™, referred to as radial NSCs) did not
differ between the ICH and Sham group, while the number of prolifer-
ating rNSCs (EAUTGFAP'GFP") and proliferating GFP' cells
(EAUTGFP™) were significantly increased at 3 and 7 days after surgical
manipulation in the ICH group compared to the Sham group (Fig. 2B and
C), indicating the increased activation and proliferation of hippocampal
NSCs in the early acute phase of ICH. However, at 28 days and 90 days
after ICH, the number of rNSCs (GFAP'GFP"), proliferating rNSCs
(EdUTGFAP'GFP"), and proliferating GFP" cells (EdUTGFP") were
found to be sharply decreased (Fig. 2B and C). Furthermore, we used

MCM2, a marker of proliferating cells, to validate the activation and
proliferation pattern of hippocampal NSCs. Similarly, we found MCM2™"
rNSCs increased at 3- and 7-days post-ICH, followed by a decrease at 28
days and 90 days post-ICH compared to the Sham control (Fig. 2D and
E). These data suggest that ICH may induce excessive proliferation of
rNSCs during the acute phase, which later leads to the reduction of total
number of rNSCs. In addition, the ratio of EAUTKi67 "GFP™ cells, rep-
resenting cells that entered cell cycle, increased in the ICH group at 7
days compared to the Sham group (Fig. 2F-H), indicating that more
NSCs entering cell cycle during the acute phase of ICH.

NSCs possess the ability of giving rise to neurons called neurogenesis
[12,16,48,49]. In order to assess whether ICH-induced NSCs over-
activation impacts neurogenesis over time, we administered EdU to
track the proliferating cells at 60 days after ICH, followed by double
immunostaining with NeuN and EdU. The data showed that profound
diminished neurogenesis was observed (Fig. 2I and J). This finding
suggest that ICH causes reduced hippocampal neurogenesis in the
chronic phase.

Taken together, these results suggest that during the early stage, ICH
may induce overactivation and proliferation of hippocampal NSCs,
leading to a putative premature exhaustion of the NSC pool and a sub-
sequent decreased neurogenesis over time.
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3.3. Iron accumulation is involved in ICH-induced overactivation and
exhaustion of the NSC pool

Having established the occurrence of iron deposition in the hippo-
campus following ICH, our inquiry turned towards investigating
whether such deposition is similarly augmented on NSCs within the

hippocampus. To detect whether iron deposits in hippocampal NSCs, we
measured the iron level in the NSCs of the hippocampus isolated from
Nestin-GFP mice using FACS. The data showed that the intracellular iron
level in the hippocampal NSCs was obviously increased following ICH
compared to the Sham group (Fig. S1H), suggesting a remarkable iron
accumulation in the NSCs of hippocampus after ICH.
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Then, we asked whether iron accumulation in NSCs affects their administration of DFO significantly reduced the number of proliferating
activation and subsequent neurogenesis in adult hippocampus. To probe rNSCs (EAU"GFAP*GFP) compared to ICH at 3 and 7 days (Fig. 3B and
into the causal relationship between iron accumulation and ICH-induced C). As a result, the total number of rNSCs (GFAPTGFP™), proliferating
overactivation and exhaustion of the NSC pool, deferoxamine (DFO), an rNSCs (EAUTGFAPTGFP™) were significantly restored at 28 days and 90
iron chelator, was used to treat ICH mice via continuous intraperitoneal days post-ICH in the DFO-treated group compared to the vehicle-treated

injection for 7 days (100 mg/kg). We investigated the alteration of the group (Fig. 3B and C). Similarly, the number of MCM2* rNSCs prolif-
NSC pool in the hippocampus (Fig. 3A). The data showed that the erating progenitors were found to be decreased at 3 and 7 days in the
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DFO group compared to the vehicle group, but it was restored at 28 days
and 90 days (Figs. S2B and C). These findings indicate that chelation of
excessive hippocampal iron following ICH ameliorates the over-
activation of NSCs, thereby preserving a stable NSC pool.

Next, we utilized double staining of EAU and NeuN to examine
whether DFO treatment alleviates the decreased neurogenesis caused by
ICH. The data showed that DFO treatment boosted more adult-born
neurons than vehicle treatment over time (Fig. 3D and E). These find-
ings indicate that impaired neurogenesis following ICH is mediated by
iron accumulation. Finally, to further elucidate whether the effect of
DFO on NSC pool and neurogenesis could account for the improvement
in cognition, we evaluated the cognitive function of ICH mice using
NOR/NOL and water maze tests. The results demonstrated that treat-
ment with DFO was able to improve the cognitive impairment induced
by ICH (Fig. 3F-I). Thus, these data suggest that iron accumulation is
required for ICH-induced overactivation and exhaustion of the NSC
pool, thereafter impaired neurogenesis and cognition.

Redox Biology 71 (2024) 103086

3.4. Iron injection into hippocampus leads to overactivation and
exhaustion of the NSC pool

To examine whether iron accumulation is sufficient to elicit early
overactivation followed by exhaustion of NSCs, we injected iron into the
hippocampus of normal mice. 1 pL of saline was delivered into the
hippocampus as the Sham group, and 1 pL of FeCl, (2 mM) with or
without the administration of DFO as the experimental group, respec-
tively (Fig. S3A). First, we counted the number of EQU" cells in the SGZ
of the DG, and found an increased number of proliferating cells (EdU™)
at 7 days after FeCly injection (Figs. S3B and C). However, the number of
proliferating cells (EdU™) obviously decreased at 90 days (Figs. S3B and
D). Notably, chelating iron alleviated proliferation at 7 days and
restored the number of proliferating cells (EAU™) in the SGZ of DG at 90
days (Figs. S3B-D). Furthermore, we observed the activation of NSCs
and its dynamic changes in their pool after FeCl, injection. At 7 days
after injection, the FeCl, group showed a significant increase in the
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number of proliferating rNSCs (EAU"GFAP"GFP") and proliferating
progenitors (GFAPTGFPTMCM2"), compared to the Saline group
(Figs. S3E-H). After 90 days, the FeCl, group exhibited a sharp decrease
in the number of rNSCs (GFAPTGFP"), proliferating rNSCs
(EAUTGFAPTGFP" and GFAPTGFP™MCM2™"), compared to the Sham
group (Figs. S3E-H). However, using DFO to chelate iron markedly
reversed the overactivation of NSCs in the acute phase, followed by the

Redox Biology 71 (2024) 103086

which was reversed by DFO treatment (Figs. S3I-J). Finally, we
observed neurogenesis in this context. As shown in Figs. S3L and S3M,
FeCl, decreased the number of adult-born neurons, whereas DFO
treatment palliated this effect. Altogether, these above data suggest that
the iron accumulation after ICH plays a central role in the early over-
activation of NSCs followed by exhaustion of NSC pool and abnormal
neurogenesis, which could be markedly diminished by iron chelation.

depletion of the NSC pool in the chronic phase (Figs. S3E-H). Addi-
tionally, the ratio of EdU + Ki67 GFP™ cells increased in FeCl, group,
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3.5. Lineage tracing confirms the overactivation and subsequent
exhaustion of NSC pool with impaired neurogenesis after ICH or iron
injection

In order to dissect the activation and depletion of the hippocampal
NSC pool and their lineage progression after ICH or FeCl, injection, we
crossed Nestin:CreERT2 mice with Rosa26R-CAG:Tdtomato mice to
label endogenous NSCs and perform lineage tracing (Fig. 4A). Tamox-
ifen (TAM) was administered intraperitoneally for a consecutive period
of 5 days, and Tdtomato expression (Td") was observed in Nestin:
CreERT2-derived endogenous NSCs in the DG. Three models were
established, including Sham, ICH and FeCl; injection groups. Seven days
after surgical operation, there was an obvious increase in proliferating
progenitors (Td*MCM2") and immature neurons (Td"DCX™) in the ICH
and FeCl, groups, while the number of tNSCs (Td"GFAP™) remained
unchanged (Fig. 4B and C). Thus, during the early stage of ICH, iron
accumulation in the hippocampus promoted the transition of NSCs into
mitotic progenitors and immature neurons without affecting the NSC
pool. However, after 90 days, we found that the number of rNSCs
(TA"GFAP™), proliferating progenitors (Td"MCM2"), immature neu-
rons (Td"DCX"), mature neurons (Td*NeuN™) reduced obviously in
both ICH and FeCl, group (Fig. 4D and E) compared with the Sham
group. Therefore, these results further support our claim that ICH in-
duces overactivation of NSCs in the early phase, resulting in the
exhaustion of NSC pool and impairments in hippocampal neurogenesis.

3.6. Elevated ROS level mediated the effect of iron accumulation on NSC
pool and neurogenesis after ICH

Previous studies have demonstrated the occurrence of sustained
oxidative stress after ICH [50,51]. We hypothesized that iron accumu-
lation in the hippocampus following ICH may also induce excessive ROS
production as well, thereby leading to abnormal NSCs activation and
consequential neurogenesis. To test this hypothesis, DFO and NAC
(N-acetylcysteine, a ROS scavenger) were used to treat ICH mice twice
per day via intraperitoneal injection (Fig. 5A). After 7 days, we found
that the fluorescence intensity of ROS in the ICH groups was signifi-
cantly higher compared to the Sham group. However, the ROS accu-
mulation was alleviated by treatment with DFO or NAC (Fig. 5B and C).
To provide further evidence, we took advantage of cultured hippo-
campal NSCs to quantitatively detect the level of ROS. We found that
Fe?" treatment significantly increased the production of ROS compared
with the Control group. However, treatment with DFO or NAC reversed
iron-induced excessive ROS production (Figs. S4B and C).

To explore whether iron-induced ROS production leads to the over-
activation of NSCs and subsequently impaired neurogenesis, we exam-
ined the population of rNSCs (Sox2TGFAP') and tracked their
proliferation and differentiation after ROS scavenging (Fig. 5D).
Compared to the vehicle group, the NAC-treated group showed attenu-
ated excessive activation of rNSCs (Sox2"EdUTGFAP™) (Fig. 5E and F)
and increased the number of newly generated neurons (NeuN"EdU™) at
90 days post-ICH (Fig. 5G and H). In vitro study showed that both DFO
and NAC also mitigated increased proliferation of NSCs (Figs. S4D and
E), which mimics NSCs overactivation after ICH. Subsequently, to
examine whether the clearance of ROS improves cognitive function in
ICH mice, we administered NAC continuously for 7 days and subse-
quently conducted NOR/NOL and water maze test. NOR and NOL test
showed that the NAC treated group required more time to explore new
locations and objects, whereas the ICH group spent less time on these
tasks (Fig. 5J and K). Additionally, in water maze test, ICH mice treated
with NAC showed increased platform-crossing times, decreased latency
reaching the invisible platform and spent more time in the platform
quadrant compared to the ICH mice (Fig. 5L and M). These results
indicate that scavenging ROS mitigates the effect of ICH on the
exhaustion of NSC pool and abnormal neurogenesis, thereof reversing
the cognitive impairment after ICH.
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3.7. Fe2"-ROS-Itga3 pathway is involved in the process of NSC pool
exhaustion and abnormal neurogenesis

To further unravel the molecular mechanisms underlying the
exhaustion of NSC pool caused by iron accumulation after ICH, we
conducted RNA sequencing on Nestin-GFP™ cells isolated from the
hippocampus at 7 days after the ICH (Fig. 6A-D). A total of 30,871 genes
were identified, among which 631 genes exhibited significant differen-
tial expression between the two groups. Out of these, 433 genes were
upregulated, whereas 198 genes were downregulated (Fig. 6A). To
identify the main changes of in vivo NSCs after ICH, we employed
protein-protein interaction network analysis to elucidate the interaction
among the differentially expressed genes (Fig. 6B). The results suggest
that the inner biological process may be associated with oxidative stress
and crosstalk between cell group and extracellular matrix. Additionally,
GO enrichment analysis was performed to identify the most significant
biological process, molecular function, and cellular component associ-
ated with the differentially expressed genes (Fig. 6C). Significantly, the
biological process of “fibronectin binding” emerged as the most enriched
term, while other terms from the molecular function and cellular
component categories also lend support to the notion that this process
may be linked to dynamic changes within the niche. Heat map was
generated to visualize the differentially expressed genes involved in
“fibronectin binding” (Fig. 6D) and found a set of genes Itga3, Ephal,
Ctsj, Cts3, Itgb3, and 4930486L24RiK. Following this, we validated the
set of candidate genes both in vivo and in vitro through RT-qPCR
analysis (Fig. 6E and F). The data demonstrated that Itga3 was the
most significantly differentially expressed gene. Collectively, these
findings suggest that Itga3 might be involved in the process of ICH-
induced exhaustion of NSC pool.

Itga3 is a member of integrin family [52]. We then determined
whether other integrin member such as Itgb1 expression was influenced
by ICH or Fe?" treatment, we employed western blotting assay to detect
the change of Itgb1 expression. The data showed no significant change
of Itgb1 expression compared to the control group (Figs. S6A and B). In
addition, we also detected the expression of other cell adhesion mole-
cules such as Laminin and E-cadherin. The results showed that treatment
with Fe?* did not alter the expression of Laminin and E-cadherin in NSCs
(Figs. S6A and B). These results imply that Itga3 is specifically involved
in the process of iron-induced NSCs state changes.

Subsequently, we conducted in vitro experiments with cultured NSCs
to explore the upstream or downstream regulatory relationships be-
tween Fe?!, ROS, and Itga3. Upon exposure of NSCs to Fe’', the
expression of SOD1, SOD2, and Itga3 was downregulated (Fig. 6G and
H). However, DFO treatment reversed the expression levels of SOD1,
SOD2, and Itga3 (Fig. 6G and H). Similarly, NAC treatment restored the
expression of Itga3 which decreased after Fe?* exposure (Fig. 61 and J).
Finally, we constructed lentivirus to overexpress Itga3 in cultured NSCs.
As shown in Fig. 6K and L, overexpression of Itga3, proved by RT-PCR
assay (Figs. S6C and D), indeed rescued the decreased expression of
Itga3 upon Fe?* stimulation, but did not change the protein level of
SOD1, SOD2, and Ferritin (Fig. 6K and L). Interestingly, overexpression
of Itga3 has no effect on the proliferation of NSCs under normal condi-
tion (Figs. S6E and F). Together, these findings suggest that iron accu-
mulation in the hippocampus after ICH leads to elevated production of
ROS, thereafter decreases the expression of Itga3, resulting in exhaus-
tion of NSC pool.

3.8. Conditional overexpression of Itga3 attenuates NSC pool exhaustion
and cognitive impairment following ICH

To validate the role of Itga3 in the exhaustion of NSC pool and
abnormal neurogenesis induced by ICH. We crossed Nestin:CreERT2
mice with Rosa26Loci-CAG:Itga3CDS 11X EGFP mice to generate
conditionally overexpressed Itga3 mice (Fig. 7A). At 90 days after sur-
gical manipulation, we examined hippocampal NSC pool and
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GAPDH protein expression of cultured NSCs from Control and Fe?*, Fe*+DFO group. Semi-quantitative analysis of WB results. GAPDH was served as the internal
control. (n = 3 for each group). (I-J) Itga3 and GAPDH protein expression of cultured NSCs from Control and Fe*t, Fe>*+NAC group. Semi-quantitative analysis of
WB results. GAPDH was served as the internal control. (n = 3 for each group). (K-L) Itga3, SOD1, SOD2, Ferritin and GAPDH protein expression of cultured NSCs
from Control and Fe", Fe®' +sgltga3 group. Semi-quantitative analysis of WB results. GAPDH was served as the internal control. (n = 3 for each group). (E) *P <
0.05; **P < 0.01; ***P < 0.001 vs corresponding Sham. (F) *P < 0.05; **P < 0.01; ***P < 0.001 vs corresponding Control. (H, J, L) *P < 0.05; **P < 0.01; ***P <
0.001 vs corresponding Fe. NS = no significance. Each experiment was repeated at least 3 times independently.

neurogenesis. The data showed that the number of INSCs (GFPTGFAP™),
proliferating progenitor cells (GFPTMCM2") and immature neurons
(GFPTDCX™) obviously decreased after ICH (Fig. 7B and C). However,
Itga3 overexpression in the NSCs ameliorated the decline in the number

ameliorate ICH-induced NSC pool
neurogenesis.

To further examine whether Itga3 overexpression in NSCs could
alleviate cognitive impairment post-ICH, we evaluated the cognitive

exhaustion and decreased

of tNSCs (GFP"GFAP™), proliferating progenitor cells (GFPTMCM2™),
and immature neurons (GFP"DCX™") induced by ICH (Fig. 7B and C).
Thus, these data indicate that overexpression of Itga3 can dramatically

11

function using water maze and NOR/NOL tests. The results showed that
ICH mice with Itga3 overexpression crossed the platform more times,
spent less time reaching the platform, stayed in the platform quadrant
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Fig. 7. Conditional overexpression of Itga3 attenuates NSC pool exhaustion and cognitive impairment following ICH (A) Mouse strain and scheme of experimental
design. (B) Representative images of brain section stained with GFAP, MCM2, DCX, NeuN and genetically labeled GFP in the DG of Sham, ICH + Scramble and ICH +
Itga3CDS group at 90 days after surgical manipulations. Scale bar = 20 pm. (C) The number of rNSCs (GFPTGFAP™), proliferating rNSCs (GFP™MCM2™), newborn
neurons (GFP'DCX™") and adult-born neurons (GFP*NeuN™) cells at 90 days after ICH, respectively. Conditional overexpression of Itga3 in ICH mice alleviates the
decreased neurogenesis induced by ICH. (n = 4 for each group). (D) Representative images of the swimming path of Sham, ICH + Scramble and ICH + Itga3CDS mice

during the probe trial test in Morris water maze test at 90 days. Scale bar: 100

pm. (E) Platform-crossing times, escape latency, duration of stay in the platform

quadrant of probe trial test from Sham, ICH + Scramble and ICH + Itga3CDS group. (n = 6 for each group). (F) Schematic drawing of novel object location and novel
object recognition test. (G) Quantification of the ratio of exploration time on novel objective location and novel objective object in Sham, ICH + Scramble and ICH +

Itga3CDS mice. (n = 6 for each group). (C, E, G) *P < 0.05; **P < 0.01; ***P <
times independently.

longer, and spent more time exploring new locations and objects
compared to the counterpart ICH group (Fig. 7D-G). Together, the
above findings suggest that overexpression of Itga3 could effectively
attenuate NSC pool exhaustion and decreased neurogenesis, thereby
prevent cognitive impairment following ICH.

4. Discussion

Cognitive impairment after ICH correlates with low quality of life
and higher mortality [4-9], while the underlying mechanisms remain
largely unclear. Although it is widely accepted that the hippocampus
exerts a critical role in cognition [53,54], the involvement of the hip-
pocampus in post-ICH cognitive impairment has yet to be determined.
Our study reveals that ICH-induced iron accumulation in the hippo-
campus elicits the overactivation of NSCs in the early phase, followed by
NSC pool depletion and reduced neurogenesis in the chronic phase,
which leads to long-term cognitive dysfunction.

0.001 vs corresponding ICH + Scramble. Each experiment was repeated at least 3

Most ICH occurs in the basal ganglion, which is distal to the hippo-
campus. Iron accumulation in the brain tissue surrounding the hema-
toma has been observed to be associated with secondary brain injury
following ICH [55-57]. However, it remains unclear whether iron de-
posits in the distal region like hippocampus far from the basal ganglion
hematoma. This study encompassed various techniques, including SWI,
QSM, and ELISA, to show significant iron accumulation in the hippo-
campus of patients with ICH, which was also evidenced by the elevated
iron level in the CSF of patients.

Previous studies have revealed that iron accumulation is implicated
in many brain functions including sensory, motor, and cognitive func-
tions and has been found associated with neurodegenerative diseases
and related cognitive decline [58]. However, the mechanisms underly-
ing iron deposit-induced cognitive impairment are not fully understood.
Unexpectedly, iron accumulation following ICH influences the activa-
tion of NSCs and neurogenesis in the hippocampus. Emerging evidence
highlights the significance of adult-born neurons in hippocampal

12
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functions such as learning and memory. The majority of NSCs in the SVZ
and DG niches of adult mice are quiescent [12]. Upon activation, these
dormant NSCs enter the cell cycle and initiate neurogenesis. Activated
adult NSCs play a dual role: self-renewal to maintain their own stem cell
pool and the generation of mitotic neural progenitors to expand the
precursor population. These progenitors subsequently differentiate into
neuroblasts and glial cells, maintaining normal neurogenesis and
ensuring homeostasis in the adult brain [11,12].

Previous research conducted by Zhang Bing et al. demonstrated that
acute stress exposure in mice led to the rapid depletion of melanocyte
stem cells, resulting in premature graying of hair [59]. Similarly, aber-
rant neurogenesis after epileptic seizures impaires self-renewal ability of
hippocampal NSCs, resulting in exhaustion of NSC pool [14,60], indi-
cating abnormal stimulation hampers the reservoir of NSCs. To ensure
lifelong neurogenesis and prevent premature exhaustion, NSCs require
precise regulation of their quiescence and proliferation processes. Our
research findings align with this pattern and suggest that excessive
activation of NSCs occurs during the early stages after ICH, followed by
depletion of the NSC pool and impaired neurogenesis in the later stages,
ultimately leading to cognitive impairment.

Additionally, our data support the idea that the abnormal activation
of NSCs following ICH is mainly attributed to iron accumulation in the
hippocampus, and the negative effect can be profoundly restored by
intervention of DFO and the hypothesis was further validated by the
FeCl; injection to the hippocampus directly. These observations high-
light the critical negative role of hippocampal iron accumulation
following ICH in maintaining NSC pool and neurogenesis.

ICH can induce iron accumulation, leading to subsequent generation
of a significant amount of ROS [61] and the elevated levels of ROS have
been implicated in oxidative stress, age-related processes, neurogenesis,
and the development of brain dysfunction [62-66]. Targeting ROS has
protective effects against a variety of diseases [67-69]. We proposed
that iron accumulation after ICH in the hippocampus might induce
excessive generation of ROS as well. Our results did show that iron
deposition induced ROS accumulation after ICH. This pathological
stimulus may trigger the activation of NSCs in the early stages of ICH,
ultimately impair neurogenesis.

Integrins are af heterodimeric cell surface adhesion receptors that
connect the extracellular matrix to the cytoskeleton, and the binding of
extracellular matrix ligands to integrins leads to the activation of
adhesion-dependent intracellular signaling pathways [70,71], which are
mainly correlated with cell proliferation and differentiation. Among
them, Integrin a3p1, a key integrin expressed by mammary cells [72,
731, plays a significant role in binding primarily to laminins 332 and 511
[74]. Itgbl was found to be a niche molecule that maintains stem cell
homeostasis, and sustains the expansion and self-renewal potential of
stem cell pool during regeneration [75], however, the role of Itga3 in the
interplay between NSCs and niche microenvironment is still unclear.
Our evidence suggests that Itga3 is involved in the regulation of NSC
pool and neurogenesis and that the downregulation of Itga3 after ICH
might disrupt the integrity of the integrin membrane complex, leading
to impaired cell growth and proliferation ability, ultimately contributing
to the depletion of the NSC pool. Additionally, from the mechanical
point of view, our data reveal that iron-induced excessive ROS accu-
mulation results in sustained chronic oxidative stress, which may
contribute to the disrupted composition of the extracellular matrix and
downregulation of Itga3 expression. Importantly, downregulation of
Itga3 hampers essential cellular processes involved in NSC pool main-
tenance and neurogenesis. We employed Nestin-CreER' for lineage
tracing and found that conditional overexpression of Itga3 in ICH mice
obviously restored neurogenesis in the hippocampus, preserved the
balance and stability of the NSC pool, leading to better performance in
behavioral tests.

Besides, our findings highlight the effectiveness of the iron-chelating
agent DFO in mitigating the exhaustion of hippocampal NSC pool.
Although i-DEF trial fail to improve the chance of good clinical outcome

13

Redox Biology 71 (2024) 103086

(mRS score of 0-2) at day 90 [76], our data suggest that DFO may be a
promising drug for maintaining the NSC pool, enhancing normal neu-
rogenesis and preventing post-ICH cognitive impairments.

In summary, our study for the first time provides insights into the
impact of hippocampal iron accumulation on the cognition following
ICH. Mechanistically, iron accumulation leads to elevated ROS level,
downregulated Itga3, depletion of the NSC pool, and subsequent im-
pairments of neurogenesis, ultimately resulting in cognitive dysfunction.
These findings extend our understanding how ICH-induced iron accu-
mulation links with NSC pool and identify potential targets for the
prevention of post-ICH cognitive impairment.
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