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Abstract Choline acetyltransferase (ChAT)-positive neurons in neural stem cell (NSC) niches can

evoke adult neurogenesis (AN) and restore impaired brain function after injury, such as acute ischemic

stroke (AIS). However, the relevant mechanism by which ChATþ neurons develop in NSC niches is

poorly understood. Our RNA-seq analysis revealed that dimethylarginine dimethylaminohydrolase 1

(DDAH1), a hydrolase for asymmetric NG,NG-dimethylarginine (ADMA), regulated genes responsible

for the synthesis and transportation of acetylcholine (ACh) (Chat, Slc5a7 and Slc18a3) after stroke insult.

The dual-luciferase reporter assay further suggested that DDAH1 controlled the activity of ChAT,
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Stroke;

ADMA
possibly through hypoxia-inducible factor 1a (HIF-1a). KC7F2, an inhibitor of HIF-1a, abolished

DDAH1-induced ChAT expression and suppressed neurogenesis. As expected, DDAH1 was clinically

elevated in the blood of AIS patients and was positively correlated with AIS severity. By comparing

the results among Ddah1 general knockout (KO) mice, transgenic (TG) mice and wild-type (WT) mice,

we discovered that DDAH1 upregulated the proliferation and neural differentiation of NSCs in the sub-

granular zone (SGZ) under ischemic insult. As a result, DDAH1 may promote cognitive and motor func-

tion recovery against stroke impairment, while these neuroprotective effects are dramatically suppressed

by NSC conditional knockout of Ddah1 in mice.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ischemic stroke is a leading cause of death worldwide, with an
annual mortality rate of approximately 5.5 million people1,2.
Moreover, almost half of survivors suffer from persistent poor
functional outcomes with cognitive dysfunction3-5. Other than
thrombolytics or tissue plasminogen activator (t-PA)6, no effective
drugs are available for acute stroke treatment. To date, many
strategies for targeting the regeneration process and thereby
decreasing disabilities after stroke have been explored.

DDAH1 has been previously investigated as a potential pro-
tective factor for cardiovascular diseases, nonalcoholic fatty liver
disease and endothelium-related damage7-11. DDAH1 upregulates
the level of nitric oxide (NO) by hydrolyzing ADMA, which is a
competitive inhibitor of nitric oxide synthase (NOS)12. It has been
proven that hyperhomocysteinemia and elevated hydrolyzing
ADMA are risk factors for cardiovascular disease. Homocysteine
can inhibit DDAH enzyme activity, causing the accumulation
of ADMA and the inhibition of NO synthesis10. Our recent
investigations indicated that cardiomyocyte DDAH1 is required
for the metabolism of ADMA in vivo7 and plays an important role
in attenuating ventricular hypertrophy and dysfunction13.

In addition to endothelial cells, neurons in the central nervous
system could express DDAH114,15. Recently, the functions of
DDAH1 in neurological and psychiatric disorders, especially in
stroke pathogenesis, were explored. Zhao et al.16 demonstrated
that DDAH1 improves cerebral ischemic tolerance after experi-
mental cerebral ischemic insult via HIF-1 target genes. DDAH1
protects against blood‒brain barrier leakage in the early phase
of experimental cerebral ischemic stroke by regulating ADMA
levels14. DDAH1 can attenuate cerebral ischemia impairment via
the ROS/FOXO1/APR1 pathway17. In addition, an in vitro study
by Wang et al.18 revealed that DDAH1 participates in nerve
growth factor (NGF)-induced neural differentiation in rat
PC12 cells in an ADMA-independent manner, suggesting that
DDAH1 might be involved in neurogenic actions through ADMA-
independent pathways. A clinical survey by Ding et al.15 reported
that promoter polymorphism of Ddah1 with a novel 4-nucleotide
deletion/insertion variant is correlated with susceptibility to
thrombotic stroke and coronary heart disease, which might be due
to the functional loss of the ability to hydrolyze ADMA. Despite
preliminary explorations of neuroprotection against AIS, the var-
iations in DDAH1 expression in AIS patients and the inner
rehabilitation response induced by DDAH1 are still obscure.

Adult neurogenesis (AN), an intrinsic process of generating
newly formed integrated neurons from NSCs in the subventricular
zone (SVZ) and SGZ, has been proven to restore impaired brain
functions19-21. Hippocampal NSCs in the SGZ primarily generate
dentate granule neurons that make up the bulk of the dentate gyrus
(DG). The DG receives input from the entorhinal cortex, sending
information through the trisynaptic circuit to CA3 and CA1, thus
playing a critical role in learning and memory. Blocking new
neuron formation disrupts cognitive performance, indicating that
AN is a critical component of the hippocampal circuitry22. Several
studies further support this notion and show that adult hippo-
campal neurogenesis generates neurons that are important for
learning and memory, as well as for emotional regulation23,24.

The process of neurogenesis, including the proliferation, sur-
vival and differentiation of NSCs into neurons, astrocytes and
oligodendrocytes, is modulated by intrinsic and extrinsic fac-
tors20,25-27. Notably, the neurotransmitter ACh from ChATþ neu
rons can interact as an extracellular and niche-driven cue that
controls neurogenesis in the SVZ and SGZ26-31. Mohapel et al.28

reported that ACh in the forebrain promotes neurogenesis during
the proliferation of NSCs in the SGZ. Veena et al.29 showed that
an agonist of the cholinergic muscarinic receptor can restore
hippocampal neurogenesis, ameliorating cholinergic function loss.
Further research by Paez-Gonzalez et al.26 revealed a subset of
ChATþ neurons in the SVZ niche that control the proliferation of
NSCs, while blockade of nicotinic ACh receptors was found to
exhibit the opposite effect30,32. However, the underlying mecha-
nism through which ChATþ neurons can be formed and how ACh
regulates the behaviors of NSCs should be further determined.

In the present study, DDAH1 levels in the blood of AIS
patients were measured and found to be dramatically enhanced
with the increase of AIS severity. To explore the effects and un-
derlying mechanism of DDAH1 against AIS insult, the neurogenic
activity of DDAH1 was explored in Ddah1 TG mice and Ddah1
KO mice in vivo and in vitro. We further constructed a Nestin-Cre
cKO line in which Ddah1 was knocked out in NSCs. After middle
cerebral artery occlusion (MCAO) mimicked stroke insult in mice,
DDAH1 expression was dramatically increased in brain regions
and in blood, which was in line with the observations from clinical
trials. As predicted, DDAH1 upregulated the proliferation and
neural differentiation of NSCs after AIS insult. Enhanced neuro-
genic activity played a role in DDAH1-induced cognitive func
tional recovery, while knockout of Ddah1 in NSCs or blockade of
neurogenesis dramatically attenuated DDAH1-induced rehabili-
tation. Therefore, DDAH1 might regulate the proliferation of
NSCs and their neural differentiation through the transcription
factor HIF-1a, which controls the activity of Chat and the further
synthesis of ACh.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Materials

Antibody against DDAH1 for Western blotting was acquired from
SAB (Shanghai, China). Antibodies against BrdU, doublecortin
(DCX), neuronal nuclei (NeuN), 20,30-cyclic-nucleotide 30-phos-
phodiesterase (CNPase), sex-determining region Y-box 2 (SOX2),
postsynaptic density protein 95 (PSD95), Synapsin-1, S100b and
glial fibrillary acidic protein (GFAP) for BrdU/GFAP/S100b
costaining were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against nestin and GFAP for
BrdU/GFAP costaining were purchased from Millipore (Billerica,
MA, USA). Antibodies against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were obtained from Biosynthesis
Biotechnology (Beijing, China). 40,6-Diamidino-2-phenylindole
(DAPI) was purchased from Beyotime Biotechnology (Shanghai,
China). Antibodies against DDAH1 for immunofluorescence
staining and antibodies against ChAT, CHRNA3 and CHRNB4
were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Antibodies against BrdU for BrdU/GFAP/S100b costain-
ing, arginine vasopressin receptor 1A (AVPR1A) and HIF-1a were
obtained from Novus Biologicals (Centennial, CO, USA). Anti-
bodies against synaptophysin, 3-nitrotyrosine (3-NT) and class III
beta-tubulin (TuJ1) were purchased from Abcam (London, UK).
Antibodies against GAP-43 were purchased from Santa Cruz
Biotechnology (Dallas, Texas, USA).

Enzyme-linked immunosorbent assay (ELISA) kits for
DDAH1 were purchased from Sinobest Bio (Shanghai, China).
The qPCR RT Master Mix with gDNA Remover Kit was
purchased from Toyobo (Shanghai, China). The BCA protein
quantitation kit, protein marker, TRIzol, mix of real-time quanti-
tative PCR, media and supplements used for cell culture were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Temozolomide (TMZ), the a-conotoxin AuIB and KC7F2 were
purchased from MedChemExpress (Shanghai, China). ACh
detection kit was acquired from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, Jiangsu, China). The enhanced chem-
iluminescence plus kit was purchased from Amersham Bioscience
(Aylesbury, UK), and the phosphatase inhibitors cocktail and
polyvinylidene fluoride membranes were obtained from Millipore
Corporation (Billerica, MA, USA). Other reagents were obtained
from SigmaeAldrich (St. Louis, MO, USA). Nylon monofilament
sutures for stroke induction were obtained from Doccol (Sharon,
MA, USA).

2.2. Clinical subjects and sample collection

The Medical Ethics Committee of the Xuanwu Hospital of Capital
Medical University granted ethical approval for this study (license
No. [2021] 079). The study was performed in accordance with the
Declaration of Helsinki. In the present survey, 150 AIS patients
and 36 controls were enrolled. Our exclusion criteria were as
follows: (1) history of AIS and (2) severe organic diseases such
as malignant tumors and hepatic or renal dysfunction. Baseline
information, including sex, age, previous history, laboratory test
results and prognosis, was collected. In addition to the above-
mentioned information, every patient was assessed according to
the National Institute of Health Stroke Scale (NIHSS). AIS
severity was evaluated based on NIHSS scores: slight AIS
(NIHSS�4), moderate AIS (NIHSS ranges from 5 to 15), mod-
erate to severe AIS (NIHSS ranges from 6 to 20) and severe AIS
(NIHSS�21). Four milliliters of blood were collected within 24 h
after the onset of AIS and before any intervention. Blood samples
were centrifuged, and serum supernatants were obtained and
stored at �80 �C until biochemical analysis. The samples were
thawed before analysis, after which the significance of DDAH1 in
AIS was assessed. DDAH1 levels were assessed via ELISA.
Categorical variables in the clinical study were analyzed via the
chi-square test and were presented as counts and percentages.
Spearman’s correlation test was performed to assess the rela-
tionship between DDAH1 and AIS severity33. Receiver operating
characteristic (ROC) curve was generated to assess the diagnostic
value of DDAH1 in AIS34.

2.3. Experimental animals and induction of the mouse MCAO
model

2.3.1. Animals
C57BL/6J mice were purchased from Beijing Vital River Labo-
ratory Animal Technology (Beijing, China). Ddah1 KO mice and
homologous control Ddah1flox/flox (Flox) mice were obtained from
the Jackson Laboratory as previously described7,35. Ddah1 TG
mice were generated by Cyagen Biosciences, Inc. (Nanjing,
China) using an expression vector that contained an EF1A pro-
moter, 3xFLAG/h Ddah1 [ORF003160] and RNA processing
signals from SV40. Ddah1 TG mice were bred with wild-type
C57BL/6J mice to generate Ddah1 heterozygotes. To construct
the Nestin-Cre Ddah1 cKO line, Nestin-Cre (C57BL/6, Cg-Tg
(Nes-Cre)1Kln/J) mice were kindly provided by Professor Jian-
wei Jiao from the Institute of Zoology, Chinese Academy of
Sciences, as described previously36,37. Briefly, Ddah1 Flox mice
were hybridized with Nestin-Cre mice to generate Ddah1flox/þ;
Nesin-Cre mice. Ddah1flox/þ; Nesin-Cre mice were subsequently
hybridized with Ddah1 Flox mice to obtain Ddah1 cKO
(Ddah1flox/flox; Nesin-Cre) mice (Fig. 7A). Genotypings of the
above mice were performed by polymerase chain reaction (PCR)
of DNA from ear biopsy samples, the primers used were as
follows:

Ddah1-Flox: 50-AGGATGATCTGGACGAAGAGCA-30 (for-
ward), 50-TTCTGAATCCCAGCCGT CTGAA-30 (reverse);

Ddah1-flox-wt: 50-AATCTGCA CAGAAGGCCCTCAA-30

(forward), 50-TTCTGAATCCCAGCCGTCTGAA-30 (reverse);
Ddah1-ko: 50-TGC AGGTCGAGGGACCTAATAACT-30 (for-

ward), 50-AACCACACTGCTCG ATGAAGTTCC-30 (reverse);
Ddah1-wt: 50-AATCTGCA CAGAAGGCCCTCAA-30 (for-

ward), 50-ATTGTTACAAGCCCTTAACGC-30 (reverse);
hddah1: 50-ATGCGATGGAGTTTCCCCACAC-30 (forward),

50-TGTCAT CGTCATCCTTGTAATCGA-30 (reverse);
Internal control: 50-CTATCAGGGAT ACTCCTCTTTGCC-30

(forward), 50-GGTTATTCAACTTGCACCATGC-30 (reverse);
Nestin-Cre: 50-GTCACTGTCGCCGCTACTTC-30 (forward),

and 50-GGTTATTCAACTTGCACCATGC-30 (reverse).
The results of genotyping were shown in Supporting

Information Fig. S1.

2.3.2. Induction of the mouse MCAO model
All processes conformed to the guidelines of the Laboratory An-
imal Ethics Committee of Capital Medical University of China
(license No. 2018-183). The animals were housed (12-h light/dark
cycle) with access to food and water ad libitum. MCAO was
performed as we described previously38-42. Briefly, the mice were
placed in a supine position on a heating pad to maintain a constant
rectal temperature (37 � 0.5 �C). The right common carotid
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artery, external carotid artery and internal carotid artery were
isolated. Afterward, the common carotid artery was ligated, and a
nylon monofilament suture was inserted from the external carotid
artery to the internal carotid artery to reach the origin of the MCA.
Blood flow in the MCA territory was monitored using a RFLSI III
laser speckle Doppler flow meter (RWD Life Science, Shenzhen,
Guangdong, China), which was placed perpendicular to the sur-
face of the right parietal skull43. The changes in regional cerebral
blood flow (rCBF) were expressed as percentages of the baseline
values. Only mice whose rCBF decreased to 20%e30% of the
baseline value during the ischemic period were considered to have
successful ischemia39. Reperfusion was performed after the indi-
cated ischemic interval, and the nylon filament was removed. The
sham group was treated in the same way except for the occlusion
of the MCA. Throughout the procedure, the room temperature was
maintained at 24e25 �C.

2.4. BrdU incorporation and TMZ administration

BrdU incorporation assay is considered as the ‘gold standard’ for
evaluating the neurogenesis activity. BrdU is a derivative of
thymine and can be substituted for thymine to selectively integrate
into newly synthesized DNA in cells, thus allowing DNA to be
labeled during S phase44. In the present study, 50 mg/kg BrdU was
administered on Days 0, 1 and 2 after ischemia by intraperitoneal
(i.p.) injection45. TMZ is a DNA alkylating agent used to treat
malignant glioma, and preclinical studies have shown a marked
reduction in NSCs within the neurogenic niche in TMZ-treated
mice46. To suppress the proliferation of NSCs potentiated by
stroke insult, TG mice and WT mice were injected i.p. with TMZ
during the first 3 days of the week for 4 consecutive weeks after
MCAO as previously described45.

2.5. Behavioral tests

2.5.1. Measurement of neurological score
The neurological deficits of the mice were measured on 0, 1, 2, 7,
14, 21 and 28 days after MCAO insult. Neurological deficits were
evaluated on a four-point grading scale according to the Longa
scoring system: a score of 0 indicated no neurological deficit; a
score of 1 with forelimb flexion manifested a mild focal neuro-
logical deficit; a score of 2 with body circling to the left displayed
a moderate focal neurological deficit; a score of 3 with body
falling to the left showed a severe focal deficit; and a score of 4
indicated the inability to act spontaneously with a reduced level of
consciousness38.

2.5.2. Morris water maze test
On Day 24 after MCAO, the mice were trained in the Morris water
maze device Pclab-300 (Panlab, Harvard Apparatus, USA).
Briefly, mice were placed in a pool of water (1.2 m diameter,
19e20 �C) with 4 subdivided equal quadrants by imaging lines
and a submerged escape platform (10 cm diameter, 2 cm below the
water surface) located in the southeast quadrant. Briefly, animals
were trained for 4 consecutive days with two trials per day (90 s
per trial). Mice were allowed to swim for 90 s or until they found
the platform, and the time to find the platform was recorded as the
escape latency (a score of 90 s was assigned for mice that were
unable to locate the platform). All the mice remained on the
platform for 30 s after each trial. At the end of the learning
paradigm, a probe trial (90 s) to measure the animals’ memory of
the platform position was tested. The percentage of time spent in
each quadrant, duration in the goal quadrant, frequency in the
southeast quadrant, frequency in the platform and velocity were
recorded45. Swim paths were recorded using EthoVision XT 15
software (Noldus Information Technology, Beijing, China). Mice
that could not swim after MCAO were excluded from the trial.

2.5.3. Rotarod assay
On Days 26e28 after MCAO, a rotarod test was performed as
previously described47. On the first day, the mice were placed on a
rotating rod (Panlab LE8205, Harvard Apparatus, USA) and spun
at 4e5 rpm for adapted training. Each training session lasted for
3 min, and the interval between each trial was 15 min. On the
second day, the rotation speed was adjusted to 14 rpm for 5 min,
and all the mice were subjected to 3 trials on the first two days. On
the third day, the periods that mice spent on the rotarod at a speed
of 14 rpm before falling off were measured within 5 min for 3
times.

2.6. Histochemical staining

2.6.1. Tissue processing
As described previously48, animals were anesthetized with 1%
isoflurane and then perfused transcardially with 0.05 mol/L
phosphate-buffered saline (PBS) (pH 7.4) followed by 4% para-
formaldehyde solution. Brain tissues were removed and postfixed
overnight at 4 �C. On the second day, the brain tissues were
cryoprotected via 24 h of immersion in 20% sucrose. The brains
were embedded in optimal cutting temperature (OCT) compound,
and coronal cryosections were cut to a thickness of 20 mm.

2.6.2. Nissl staining
To assess brain damage, Nissl staining was performed as previ-
ously described45. Briefly, the frozen sections were washed with
PBS three times and stained with cresyl fast violet dye for 20 min
at room temperature. After being washed with distilled water and
dehydrated in 95% ethanol and 100% ethanol, the slides were
cleaned with xylene and mounted with neutral balsam.

2.6.3. Immunocytochemical staining
Brain sections were prepared in a ‘1 in 10’ series as previously
described48. After rinsing in PBS 3 times, the brain sections and
cells were incubated in sodium citrate buffer at 90 �C for 20 min
and then incubated with 1% Triton X-100 in 5% bovine serum
albumin for 30 min. The sections were then exposed to the
appropriate primary antibody for 72 h at 4 �C, followed by
incubation at room temperature with the secondary antibody. The
sections were incubated with DAPI for 10 min before images were
captured. Immunofluorescence images were acquired by fluores-
cence microscopy.

2.7. 2,3,5-Triphenyltetrazolium chloride staining

Brains were sectioned into 1 mm coronal slices using a mouse
brain matrix (RBM 4000C; ASI Instruments; Warren, MI, USA)
and stained with 2% (w/v) 2,3,5-triphenyltetrazolium chloride
(TTC) at 37 �C for 10 min40. The slices were scanned, and infarct
areas were identified using an image analyzer (ImageJ System;
National Institutes of Health; Bethesda, MD, USA). The infarct
volume percentage was calculated from the following Eq. (1):
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Infarct volume (%)Z(Contralateral volumeeIpsilateral non-
ischemic volume) � 100/Contralateral volume. (1)

2.8. Tissue collection

By observing the rCBF and TTC staining, we classified the
ischemic regions as the penumbra and ischemic core, which
mainly included the cortex and striatum. The distances of the
infarct rims from the midline were measured40. TTC staining
revealed that the lateral cortex region 1e2 mm from the midline of
the coronal section, which fell within the border of the infarct area
in the WT group, was the region that could be rescued. This area
can thus be considered the ischemic penumbra. The ischemic
cortex region that could not be rescued was considered the core
region. Herein, the cortex from the ischemic core region and the
striatum were collected. The DG containing the SGZ was included
in the ‘hippocampus’ samples.

2.9. Western blot detection

Brain tissue samples were collected in RIPA cell lysis buffer
supplemented with protease inhibitor cocktail and phosphatase
inhibitors cocktail. Briefly, the striatum, hippocampus containing
the SGZ and cortex from the ischemic core region were collected.
The protein lysate was separated by sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis and transferred onto a PVDF
membrane. After blocking with 5% bovine serum albumin in
TBST, the PVDF membranes were trimmed according to the
molecular weight of the marker, and the primary antibodies were
applied overnight at 4 �C. Secondary antibodies were then added,
and the samples were incubated at room temperature for 2 h to
facilitate the detection of protein expression via a chem-
iluminescence system. Blots were developed using an enhanced
chemiluminescence plus kit, and images were acquired with a
Bio-Rad XR Imaging Device (Hercules, CA, USA). Densitometric
measurements of each membrane were performed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA)45.

2.10. RNA-sequence assay and real-time quantitative PCR
analysis

The hippocampus containing the SGZ from the ipsilateral
hemisphere was collected from Flox and Ddah1 KO mice at 24 h
after ischemia. The tissues were then immediately frozen in dry
ice and stored at �80 �C until RNA extraction. Total mRNAwas
isolated using TRIzol reagent. The amounts of RNA were
determined by measuring optical density, and only RNA samples
with an OD260/OD280 ratio of 1.8e2.0 were used. Total RNAwas
reverse transcribed using qPCR RT Master Mix with a gDNA
Remover Kit. cDNA construction and RNA sequencing were
performed by Beijing Genomic Institution (BGI, Beijing, China).
Differentially expressed genes (DEGs) with a threshold of 2-fold
change (|log2FC|�1) and FDR<0.05 were chosen for analysis49.
Gene Ontology (GO) and proteineprotein interaction (PPI)
analyses were subsequently performed. Signal networks were
visualized with Cytoscape50.

To validate the selected genes, total mRNA was extracted by
using TRIzol reagent and cDNA was synthesized. Quantitative
real-time PCR was performed using appropriate primers. Relative
gene expression was calculated by the deltaedelta Ct (DDCt)
method and converted to the relative expression ratio (2eDDCt) for
statistical analysis51. The data were normalized to the expression
of the endogenous reference gene GAPDH. A dissociation curve
(melting curve) was constructed in the range of 60e95 �C to
evaluate the specificity of the amplification products. The results
are presented as the fold change in mRNA levels45. The specific
primers applied for identification were as follows:

Gng8: 50-ATCGATCGCATGAAGGTGTC-30 (forward),
50-CTTGTCGCGGAAGGGATTC-30 (reverse);

Chat: 50-ACAGCCAATTGGGTCTCTGA-30 (forward),
50-GCCTTGTAGCT AAGCACACC-30 (reverse);

Chrna3: 50-TGC TTTACAACAACGCCGAT-30 (forward),
50-CCAGGTCGATCTTTGCCTTG-30 (reverse);

Chrnb4: 50-ACAGATCATGACCACCAGC A-30 (forward),
50-GTCCCATCGGCATTGTTG TA-30 (reverse);

Avpr1a: 50-CAGCAG CGTGAAGAGCATTT-30 (forward),
50-CGGA ATCGGTCCAAA CGAAA-30 (reverse).

2.11. Determination of ACh concentration in brain tissue

After 1 day of ischemia, the ipsilateral hippocampus containing
the SGZ was separated. Concentrations of ACh were determined
by an assay kit from Nanjing Jiancheng Institute (Nanjing,
Jiangsu, China) according to the manufacturer’s instructions.

2.12. NSC isolation and cell culture

As described previously49, NSCs were isolated from the hippo-
campi of E14-15 Ddah1 KO, TG and WT mice. Briefly, mouse
embryos were dissected, and the hippocampus was isolated in cold
PBS containing 100 U/mL penicillin/streptomycin. Single cells
were obtained by mechanical filtration through 70 mm nylon mesh.
After centrifugation, the cells were resuspended in DMEM/F12.
The dissociated cells were seeded at a density of 1 � 105 cells/mL
in DMEM/F12 medium supplemented with 2% B27, 20 ng/mL
recombinant human basic fibroblast growth factor and 20 ng/mL
epidermal growth factor. Primary NSCs were kept in a humidified
atmosphere of 5% CO2 at 37

�C. Neurospheres appeared within a
few days and were grown for 3e5 days before collection for
passage. After two passages, the cells were used for the experi-
ments. In addition, the growth factors basic fibroblast growth
factor and epidermal growth factor were not present in the culture
medium in the differentiation detection assay. All the experiments
were approved by the Animal Care Facility of Capital Medical
University, China.

2.13. OGD/R insult, drug treatment and RNA interference
manipulation

NSCs were subjected to oxygen-glucose deprivation/reperfusion
(OGD/R) to simulate ischemic conditions in vitro52. Briefly, NSCs
were rinsed twice with PBS, after which the culture medium was
replaced with glucose-free DMEM. The cells were cultured in a
hypoxic chamber containing a mixture of 5% CO2 and 95% N2 for
1 h at 37 �C and reincubated in regular culture medium at 37 �C
under normoxia. An inhibitor of HIF-1a (KC7F2) and an inhibitor
of a3b4 nAChR (a-conotoxin AuIB) were applied to NPCs after
OGD/R insult. Short interfering RNA (silencing RNA, siRNA)
and control RNA (scramble RNA) for Chat were synthesized by
Sanon Biotech (Shanghai, China) as previously described53. After
OGD/R insult, NPCs were transfected with Chat siRNA at a
concentration of 100 nmol/L in serum-free DMEM/F12 with
Lipofectamine 2000 reagent for 6 h. Chat scramble RNAwas used
as the control treatment. Cell proliferation was observed after
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incubation for 24 h, and cell differentiation was observed after 5
days of culture.

2.14. Luciferase reporter assay

Chat activity was detected by a dual-luciferase reporter system
(Beyotime, Shanghai, China)54. Cultured NSCs from Ddah1 WT,
KO and TG mice were transfected with Lipofectamine 2000
reagent with the reporter construct pGL4.27 containing the Chat
gene promoter. The pRL-CMV plasmid, which expressed Renilla
luciferase, was used as an internal control to normalize the
transfection efficiency. All transfections were normalized to the
total equal amount of DNA with the empty plasmid pGL4.27. To
observe the regulation of Chat by HIF-1a, KC7F2 (20 mmol/L), an
inhibitor of HIF-1a, was applied to NSCs isolated from Ddah1 TG
mice during and after transfection. Twenty-four hours after
transfection, the cells were harvested, and the luciferase activity of
Chat was measured using a SpectrMax M2e luminometer (Mo-
lecular Devices, San Jose, CA, USA).

2.15. ELISA

Blood samples of mice and blood from clinical subjects were
collected and centrifuged at 3000 rpm (Sigma3k15,
SigmaeAldrich, St. Louis, MO, USA) for 15 min at 4 �C. The
DDAH1 levels were measured using ELISA kits.

2.16. Statistical analysis

In the clinical study, compared with unpaired Student’s t test or the
ManneWhitney U test, continuous variables are expressed as the
mean or mean � standard deviation (SD) for normally distributed
data and medians for abnormally distributed data. Compared with
the c2 test, categorical variables are expressed as numbers and
percentages. ROC curve was generated with GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). Correlations between
DDAH1 and other clinical indicators were estimated using
Spearman’s rank correlation coefficient and visualized via a
heatmap generated with GraphPad Prism 8.0. For the preclinical
study, all the data were reported as the mean � standard error of
mean (SEM). Statistical analysis was performed by two-way
ANOVA with post hoc Dunnett’s test or Student’s t test for brain
blood flow detection and the Morris water maze assay with
GraphPad Prism 8.0. Other analyses were performed by one-way
ANOVA with post hoc Dunnett’s test or Student’s t test with
GraphPad Prism 8.0. The level of significance was considered at
*P < 0.05 and **P < 0.01.

3. Results

3.1. DDAH1 is enhanced in the blood of AIS patients after AIS
impairment

Our study consisted of 150 patients with AIS and 36 healthy
controls. As shown in Supporting Information Table S1, no sig-
nificant differences in age or sex were observed between the
control and AIS groups. DDAH1 levels in blood were significantly
different between the two groups. All patients were then divided
into 4 groups based on NIHSS: slight AIS (NIHSS �4), moderate
AIS (NIHSS ranging from 5 to 15), moderate to severe AIS
(NIHSS ranging from 16 to 20), and severe AIS (NIHSS �21).
The demographic features of 150 patients are summarized in
Supporting Information Table S2. In addition to the DDAH1 level,
age, atrial fibrillation status, white blood cell (WBC) count,
neutrophil count and lymphocyte count differed significantly
among the four groups.

DDAH1 levels in blood differed significantly between the
control and AIS groups. The P value between the healthy control
and the slight AIS group was 0.011, while the P values between
the healthy control and the other 3 groups (moderate AIS, mod-
erate to severe AIS and severe AIS) were all less than 0.001
(Fig. 1A). Next, ROC curve and the area under the curve (AUC)
were generated to evaluate the diagnostic value of DDAH1 in AIS
(Fig. 1B). When the cutoff value was 3381.555 pg/mL, the cor-
responding sensitivity and specificity were 68.0% and 72.2%,
respectively. Spearman’s correlation test showed that DDAH1
levels correlated with AIS severity (Fig. 1C).

3.2. Expressions of DDAH1 are increased in mouse cerebral
regions and blood after the initiation of ischemiaereperfusion
injury

The clinical survey showed that the DDAH1 level in the blood of
AIS patients varied depending on the severity of the AIS insult.
This finding raised the question of whether DDAH1 is an
endogenous protective response against stroke-induced stress. To
address this issue, further investigations were performed in MCAO
mice. DDAH1 expression in the blood was tested which was
elevated until 28 days of reperfusion after ischemia (Supporting
Information Fig. S2). DDAH1 expression in different brain
regions, including the ischemic core region of the cortex and
striatum as well as the ipsilateral hippocampus, was subsequently
measured after MCAO insult (Fig. 2). As described, neurological
grading by Longa scores showed that neurological deficits could
be observed after 1 h of ischemia and 23 h of reperfusion (I1h/
R23h) (Fig. 2B). After 1 h of ischemia, DDAH1 was upregulated
in the ipsilateral ischemic cortex and striatum at 1 and 23 h of
reperfusion, respectively (Fig. 2CeE), but its level was elevated
only at 23 h in the ipsilateral hippocampus (Fig. 2F). Afterward,
DDAH1 expression was further evaluated after different durations
of ischemia. Interestingly, the expression of DDAH1 was further
elevated in the ipsilateral hippocampus but not in the striatum
when the duration of ischemia was extended from 1.5 to 2 h
(Fig. 2GeK). That is, DDAH1 expression increased but might
reach a plateau in the ipsilateral striatum with the extension of
ischemia. However, the expression of DDAH1 in the ipsilateral
hippocampus was correlated with the duration of ischemia. These
findings might indicate that DDAH1 in the ipsilateral hippocam-
pus responds sensitively to stroke-induced stress. DDAH1 might
be controlled by negative feedback to prevent excess DDAH1
expression in the ipsilateral striatum. To elucidate the effects of
DDAH1 against ischemic stroke, we established an MCAO model
in Ddah1 TG, Ddah1 KO and WT mice in the following study.
DDAH1 expression was increased in the hippocampus and blood
in the WT group. Compared with that in the WT group, the
expression of DDAH1 in the hippocampus and blood was
significantly higher in the Ddah1 TG mice, while it was almost
completely abolished in the Ddah1 KO mice after I1h/R23h insult
(Fig. 2LeN). The following investigations were performed in the
model to determine the neuroprotective mechanism of DDAH1
against ischemic insults.
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Figure 1 DDAH1 levels are elevated in the blood of AIS patients and are associated with the severity of AIS. (A) Violin plots depicting

DDAH1 levels in the blood of the controls and patients, who were divided into 4 groups according to AIS severity. Controls (n Z 36), patients

with an NIHSS score�4 (n Z 56), 5�NIHSS score�15 (n Z 59), 16�NIHSS score�20 (n Z 22) and NIHSS score�21 (n Z 13). The lines

correspond to the minima, maxima, centers and quartiles. *P < 0.05, ***P < 0.001 versus the control group; one-way ANOVA with Dunnett’s

multiple comparisons test. (B) ROC curve for the serum DDAH1 concentration to predict the diagnosis of AIS (AUC Z 0.759, 95% confidence

interval Z 0.689e0.829, P < 0.001). (C) Spearman’s correlation heatmap analysis of DDAH1 expression, NIHSS score at admission and other

clinical indicators. Red represents a positive correlation, and green represents a negative correlation. DDAH1 levels were positively correlated

with NIHSS scores at admission (***P < 0.001). HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; SBP:

systolic blood pressure; DBP: diastolic blood pressure.
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3.3. DDAH1 promotes the proliferation and neuronal fate
commitment of NSCs after the onset of ischemiaereperfusion
injury

To determine whether DDAH1 could induce regeneration in
response to stroke insult, the neurogenic activities of the Ddah1
KO, Ddah1 TG and WT strains were compared. The results
showed that DDAH1 promoted the proliferation of NSCs after the
onset of ischemiaereperfusion injury. First, immunostaining
analysis confirmed that DDAH1 was expressed in Nestinþ cells in
the SVZ and SGZ after MCAO insult, indicating that DDAH1 was
expressed in NSCs (Fig. 3A and B). Second, BrdU incorporation
assay was performed from Day 0 to Day 2 after ischemic stroke to
determine the effects of DDAH1 on neurogenesis (Fig. 3CeE).
Compared with those in sham-operated mice, the number of
BrdUþDCXþ cells, which represent proliferated NSCs, was
significantly increased in the SVZ and SGZ of ipsilateral brains in
the WT group after MCAO insult. This trend was reversed in KO



Figure 2 Expression levels of DDAH1 are increased in various brain regions within 24 h of ischemia/reperfusion injury. (A) Experimental

illustration of the MCAO model in WT mice. Brain tissues were collected for Western blotting analysis after 1 h of ischemia followed by 1 h of

reperfusion (I1h/R1h) and I1h/R23h. (B) Evaluation of neurological deficits by the Longa scoring system poststroke (nZ 6 per group). The values

are shown as the mean � SEM. **P < 0.01 versus the sham group; #P < 0.01 versus the I1h/R1h group; two-way ANOVA with Dunnett’s

multiple comparisons test. (C) Representative bands in Western blotting assays of DDAH1 expression in the ipsilateral ischemic cortex, striatum

and hippocampus after I1h/R1h and I1h/R23h. (DeF) Quantitative analysis of DDAH1 expression in the ipsilateral ischemic cortex (D), striatum

(E), and hippocampus (F) (n Z 3 per group). The values are shown as the mean � SEM. *P < 0.05 versus the sham group, n.s. indicates no

significance; two-way ANOVAwith Dunnett’s multiple comparisons test. (G) Experimental illustration of the MCAO model in which the ischemia

interval was extended from 1.5 to 2 h in WT mice. Brain tissues were collected for Western blot analysis after 1.5 h of ischemia followed by 22.5 h

of reperfusion (I1.5 h/R22.5 h) and after 2 h of ischemia followed by 22 h of reperfusion (I2h/R22h). (H) Evaluation of neurological deficits by the

Longa scoring system poststroke (n Z 6 per group). The values are shown as the mean � SEM. **P < 0.01 versus the sham group; #P < 0.05

versus the I1.5 h/R22.5 h group; one-way ANOVAwith Dunnett’s multiple comparisons test. (I) Representative bands of Western blotting assays

of DDAH1 expression in the ipsilateral striatum and hippocampus after I1.5 h/R22.5 h and I2h/R22h. (J, K) Quantitative analysis of DDAH1

expression in the ipsilateral striatum (J) and hippocampus (K) (n Z 3 per group). The values are shown as the mean � SEM. *P < 0.05,

**P < 0.01 versus the sham group; #P < 0.05 versus the I1.5 h/R22.5 h group, n.s. indicates no significance; one-way ANOVA with Dunnett’s

multiple comparisons test. (L) Western blotting results showing DDAH1 expression in the ipsilateral hippocampus after I1h/R23h injury. (M)

Quantitative analysis of DDAH1 expression in the ipsilateral hippocampus. (N) Levels of DDAH1 in the blood of MCAO mice after I1h/R23h

were detected (nZ 6 in sham group, nZ 3 in WT, KO and TG groups). The values are shown as the mean � SEM. *P < 0.05, **P < 0.01 versus

the sham group; #P < 0.05, ##P < 0.01 versus the WT group; one-way ANOVA with Dunnett’s multiple comparisons test.
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mice, in which the number of proliferated NSCs almost declined
to a level similar to that of sham-operated mice. Conversely, the
TG mice exhibited the opposite trend: there were more colabeled
cells in the SVZ and SGZ than in the WT mice.

Further study revealed that DDAH1 induced neuronal fate
commitment in the hippocampus after ischemiaereperfusion
injury. To determine whether DDAH1 could control the differen-
tiation of NSCs poststroke, we performed double immunostaining
for BrdU and NeuN (a marker of mature neurons). The results
showed that a number of NSCs were driven to the neuronal
Figure 3 DDAH1 promotes the proliferation of NSCs under ischemic in

ischemia followed by 3 days of reperfusion (I1h/R3d). BrdU was added t

sentative images of double-label immunofluorescence staining for DDAH1

were established according to the Mouse Brain Stereotaxic Coordinates of

York, USA). Coordinate of the SVZ: þ1.21 mm from the Bregma poi

Representative images of double-label immunofluorescence staining for Brd

of BrdUþDCXþ cells in the ipsilateral SVZ (D) and SGZ (E) (n Z 4 per gr

sham group; #P < 0.05, ##P < 0.01 versus the WT group; one-way ANO
lineage in the ipsilateral striatum and DG at 28 days after
ischemia-reperfusion injury (Fig. 4). Although DDAH1 strongly
promoted the regulation of neural differentiation of NSCs in the
SVZ, there was no significant difference between the WT and KO
groups (Fig. 4AeC). In contrast, knockout of Ddah1 decreased the
number of mature neurons, and overexpression of DDAH1 in TG
mice increased the number of mature neurons in the DG after
ischemic insult (Fig. 4BeD).

In addition to BrdUþNeuNþ cells, there were certain BrdUþ

cells whose fates were unclear after ischemic insult. To explore
sult. (A) Experimental design for the proliferation of NSCs after 1 h of

wice a day for the first 2 days after ischemia (50 mg/kg). (B) Repre-

and Nestin in the ipsilateral SVZ and SGZ. The brain locations used

Paxinos and Franklin (4th Edition, Academic Press, Inc., 2013; New

nt Coordinate of the SGZ: �2.53 mm from the Bregma Point. (C)

U and DCX in the ipsilateral SVZ and SGZ. (D, E) Statistical analysis

oup). The values are shown as the mean � SEM. *P < 0.05 versus the

VA with Dunnett’s multiple comparisons test.



Figure 4 DDAH1 promotes the neural differentiation of NSCs under ischemic insult. (A) Experimental design for the differentiation of NSCs

after I1h/R28d. BrdU was treated twice a day for the first 2 days after ischemia (50 mg/kg). (B) Representative images of double-label

immunofluorescence staining for BrdU and NeuN in the ipsilateral SVZ, striatum and DG. (C, D) Statistical analysis of BrdUþNeuNþ cells

in the ipsilateral striatum (C) and DG (D). (E) Representative images of double-label immunofluorescence staining for BrdU and GFAP in the

ipsilateral SVZ, striatum and DG. (F, G) Statistical analysis of BrdUþGFAPþ cells in the ipsilateral striatum (F) and DG (G). (H, I) Summa-

rization of the cells colabeled with BrdU and biomarkers for neurons (NeuN) and astrocytes (GFAP) in the striatum (H) and DG (I), respectively.

The values are shown as the mean � SEM in (C), (D), (F), (G), (H), and (I) (nZ 3 per group). *P < 0.05 versus the sham group; #P < 0.05 versus

the WT group; one-way ANOVA with Dunnett’s multiple comparisons test.
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this issue, we further performed a study in which GFAP (a
biomarker of astrocytes) and CNPase (a biomarker of oligoden-
drocytes) were colabeled with BrdU in the SVZ and SGZ,
respectively. After 28 days of stroke insult, BrdUþGFAPþ cells
were observed in the striatum and DG adjacent to the SVZ, but no
significant difference was observed among the KO, TG, and WT
groups (Fig. 4EeG). In addition, BrdUþCNPaseþ cells were
seldom observed in the ipsilateral striatum or DG (Supporting
Information Fig. S3). After summarizing the above results of the
BrdU-coexpressed cells, we found that DDAH1 did not affect the
total number of BrdUþ cells in the SVZ or the adjacent striatum
(Fig. 4H). However, DDAH1 did affect the total number of BrdUþ

cells in the DG (Fig. 4I). The majority of BrdUþ cells might have
differentiated into astrocytes, and only a small portion may have
differentiated into neurons in the SVZ, which later migrated into
the adjacent striatum. Nonetheless, DDAH1 might determine the
neural fate of NSCs in the DG region since the majority of BrdUþ

cells colocalized with NeuN after stroke insult (Fig. 4I).
In summary, DDAH1 in NSCs regulated neurogenic behaviors

after ischemic insult. It promoted the proliferation of NSCs in the
SVZ and SGZ but determined only the neuronal fate commitment
of NSCs in the SGZ after stroke impairment.

3.4. DDAH1 participates in cognitive and motor rehabilitation
partially by activating endogenous neurogenesis after stroke
impairment

To explore whether the elevated neurogenesis induced by DDAH1
could ultimately contribute to the recovery from stroke insult,
neurological deficit grading was performed via the Longa scoring
system, Morris water maze test and rotarod test (Fig. 5AeI).
Knockout of DDAH1 aggravated neurological deficits and
decreased cognitive and motor function after 28 days of stroke
insult. Morphological observation via Nissl staining revealed that
stroke insult caused pyknotic cells and cytoplasmic chaos in the
cortex and striatum (Supporting Information Fig. S4). Compared
with those in WT mice, KO manipulation might have induced
more severe impairments, while TG manipulation might have
decreased the number of nuclear pyknotic cells and the degree of
cytoplasmic chaos in the indicated regions. In addition, cell den-
sities in the SGZ of the DG were more intensive in the TG group
than in the WT group, while the opposite trend was observed in
the KO group. Taken together, these results showed that upregu-
lation of DDAH1 might promote the proliferation and neural
differentiation of NSCs and contribute to neurological function
improvement poststroke.

TMZ, a proliferation inhibitor of neurogenesis, was i.p.
injected into TG and WT mice to further determine the effects of
neurogenesis on DDAH1-induced neuroprotection after ischemic
stroke. Stroke could upregulate endogenous neurogenesis. How-
ever, this increase in neurogenesis is not sufficient to repair the
impaired brain. In our study, endogenous neurogenesis was mild
so that TMZ did not induce dramatic adverse effects on the
learning function of MCAO mice when it was used to block
neurogenesis. TMZ might have a mild effect on memory function
since it decreased the number of arrivings at the platform in the
probe trial assay (Fig. 6G). In TG mice, TMZ strongly abolished
DDAH1-promoted neuroprotection and cognitive function recov-
ery at 28 days after stroke onset (Fig. 6AeH). However, TMZ did
not abolish DDAH1-induced motor function recovery (Fig. 6I).
Immunostaining assays showed that TMZ significantly decreased
the number of BrdUþNeuNþ cells in the striatum and DG of TG
mice (Fig. 6JeL). Cognitive functions are strongly related to the
biological activities of the hippocampal region, while motor
functions are related to the actions of the striatum. The results of
histochemical staining showed that DDAH1 might promote the
proliferation of NSCs in the SVZ and SGZ but may enhance
neural differentiation only in the SGZ, which in turn indicated that
DDAH1 might produce a more intensive effect in the SGZ than in
the SVZ. Thereafter, we focused on the effects of DDAH1 on
neurogenesis in the SGZ.

Toverifywhether newborn neurons derived fromNSCs can form
mature neurons and be integrated into impaired tissue, the expres-
sion of synapse-associated proteins in the ipsilateral hippocampus
was measured. DDAH1 KO decreased the expression of the pre-
synaptic proteins synapsin-1 and synaptophysin, the postsynaptic
protein PSD95 and the axon biomarker GAP43. In contrast, the
opposite trend was observed for these proteins in Ddah1 TG mice
(Fig. 5JeN). TMZ significantly decreased the enhanced expression
of synapsin-1, synaptophysin and GAP43, which was induced by
Ddah1 TG manipulation. However, TMZ only partially abolished
the enhanced expression of PSD95 in TG mice (Fig. 6MeQ),
indicating that neurogenesis only contributed to postsynapse for-
mation. TMZ decreased the synapse-related proteins synaptophy
sin, PSD95 and GAP43 in WT mice in the MCAO group
(Fig. 6ReV). These investigations suggested that DDAH1 promotes
neurogenesis in the hippocampus, which partially rescues synaptic
deficits and neurological deficits after stroke insult.

3.5. Conditional knockout of Ddah1 in NSCs inhibits stroke-
induced neurogenesis and worsens functional impairment

In the above investigations, we proved that DDAH1 could regulate
the proliferation and neural differentiation of NSCs, which
contributed to the functional recovery of ischemic stroke. How-
ever, the types of cells in which DDAH1 plays a major role in the
NSC niche have not been identified. To investigate this issue, cKO
of Ddah1 in NSCs was established to determine the effects of
DDAH1 on neurogenesis after ischemic stroke (Fig. 7A).
Compared with those in the Flox group, the cell fate of BrdUþ

cells in the SVZ and adjacent striatum was not altered in the cKO
group. Conversely, cKO significantly altered the number and
neural fate determination of BrdUþ cells in the SGZ of the DG
(Fig. 7BeF). Compared with that in the Flox group, the number of
BrdUþNeuNþ cells in the cKO group was dramatically lower. But
there was no difference in the number of BrdUþGFAPþ cells
between the cKO group and the Flox group in both the SVZ region
and the SGZ region. As expected, cKO Ddah1 aggravated
neurological deficits and impaired the cognitive and motor func-
tion 28 days after stroke insult (Fig. 7GeN). cKO Ddah1
exhibited decreased expression of the presynaptic proteins
synapsin-1 and synaptophysin, the postsynaptic protein PSD95
and the axon biomarker GAP43 (Fig. 7OeS). Taken together,
these findings indicated that DDAH1 in NSCs in the SGZ region
regulates neurogenic activity in the hippocampus and further
functional recovery.

3.6. DDAH1 activates multiple regeneration-guiding factors,
including chat, after early ischemic insult

Previous studies have proven that the DDAH1/ADMA/HIF-1
pathway contributes to neuroprotection against acute ischemic
insults14,16. However, whether DDAH1 can exert regenerative
effects against stroke insults and the underlying mechanism



Figure 5 DDAH1 promotes cognitive rehabilitation after I1h/R28d and regulates the expression of synapse-associated proteins. (A) Experi-

mental design for assessing cognitive and motor functions in Ddah1 KO, TG and WT mice after I1h/R28d impairment. Cognitive functions were

evaluated via the Morris water maze test from Day 24 to Day 28 postischemia, while motor functions were evaluated via the rotarod test from Day

26 to Day 28 postischemia. (B) Evaluation of neurological deficits by the Longa scoring system poststroke at the indicated times (n Z 8 per

group). The values are shown as the mean � SEM. #P < 0.05 versus the WT group; two-way ANOVAwith Dunnett’s multiple comparisons test.

(C) Representative swimming tracks to the hidden platform on Day 27 and the probe trial test on Day 28 poststroke. (D) Cognitive functions were

assessed by the escape latency in the Morris water maze test from Day 24 to Day 27 after ischemia (nZ 8 per group). The values are shown as the

mean � SEM. #P < 0.05, ##P < 0.01 versus the WT group; two-way ANOVAwith Dunnett’s multiple comparisons test. (EeG) Spatial bias (E),

frequency in the southeastern quadrant (i.e., platform-located quadrant) (F) and frequency in the platform (G) were detected on Day 28 in the

probe trial survey after ischemia. (H) Swimming speed of the mice within 5 days of the Morris water maze test. The speed was not significantly

different among the testing groups, indicating that the difference in learning and memory function among the groups was not due to motor

dysfunction. (I) Motor coordination was evaluated by the rotarod test. The latency to fall from the instrument was measured 3 times per mouse on

Day 28 postischemia (n Z 6 per group). The values are shown as the mean � SEM. #P < 0.05, ##P < 0.01 versus the WT group; one-way

ANOVA with Dunnett’s multiple comparisons test. (J) Representative Western blot showing the expression of the synapse-associated proteins
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remain elusive. Therefore, RNA-seq assay and bioinformatics
analysis were performed in this study. A total of 195 DEGs were
identified in the ipsilateral hippocampus between WT mice and
Ddah1 KO mice after I1h/23R insult (Fig. 8A). Among the DEGs,
85 were upregulated and 110 were downregulated in KO mice
(Fig. 8B). Seven nerve function-related biological processes and
six ACh-associated molecular functions were identified which
were among the top 20 terms according to the GO analysis
(Supporting Information Fig. S5). PPI bioinformatics analysis
indicated that the key DEGs regulated by DDAH1 were mainly
involved in inflammation and nerve generation (Fig. 8C). For
instance, chemokine ligand 7 (Ccl7) is the most intensive DEG
that can induce a variety of immune responses. The nerve
generation-associated genes, which included ACh synthesis-
related genes (Chat, Slc18a3, Slc5a7), a3b4 nicotinic cholin-
ergic receptor (a3b4 nAChR) signal-related genes (Chrna3,
Chrnb4 and Gng8) and Avpr1a signal-related genes (Avpr1a and
Gng8), were regulated by DDAH1 (Fig. 8D).

To determine the effects of DDAH1 on regeneration after
ischemic stroke, the expression of the DEGs was further verified
in WT, Ddah1 KO, TG, Flox and Nestin-Cre cKO mice. Real-time
qPCR and Western blot analyses revealed that DDAH1 dramati-
cally downregulated the expression of ChAT and nAChR subunits
a3 and b4 in KO mice (Fig. 8EeJ). The concentration of ACh in
the hippocampus was lower in the KO group than in the WT group
(Fig. 8K). cKO-mediated manipulation of DDAH1 dramatically
downregulated the expression of ChAT and the nAChR subunits
a3 and b4 compared with that in the Flox group (Fig. 8LeP).
However, manipulation of DDAH1 in cKO mice altered only the
expression of Avpr1a at the mRNA level (Fig. 8L, M and Q). As
expected, the concentration of ACh in the hippocampus was lower
in cKO mice than in Flox mice (Fig. 8R). These results suggest
that DDAH1 regulates cholinergic signals and is an active player
in the regeneration process.

3.7. ChAT contributes to DDAH1-promoted proliferation and
neural fate decision in NSCs through the transcription factor HIF-
1a

To address the regulation of cholinergic signals by DDAH1, ChAT
and SOX2 were investigated in vivo. The results revealed that the
number of ChATþSOX2þ cells was significantly increased in the
SVZ and SGZ after ischemia (Fig. 9). The number of
ChATþSOX2þ cells was decreased in Ddah1 KO mice, while TG
manipulation of Ddah1 induced the opposite effect. cKO manip-
ulation of Ddah1 in NSCs partially abolished the ischemia-
induced increase in ChATþSOX2þ cells in the SGZ region.

To analyze the role of DDAH1 in neurogenesis, DDAH1
expression in NSCs from isolated embryonic hippocampi was
evaluated. In line with the results obtained from the in vivo study,
DDAH1 was expressed in the isolated NSCs. Compared with
those in the WT group, the expression of DDAH1 in NSCs was
lower in the KO group, while TG manipulation had the opposite
effect (Supporting Information Fig. S6A and S6B). BrdU and
SOX2 colabeling showed that DDAH1 controlled the proliferation
of NSCs following OGD insult. The results showed that KO
Synapsin-1, Synaptophysin, PSD95 and GAP43 in the ipsilateral hippocam

the expression of the presynaptic protein synapsin-1 (K), synaptophysin (

GAP43 (N) in the ipsilateral hippocampus (n Z 3 per group). The values

group; one-way ANOVA with Dunnett’s multiple comparisons test.
decreased the fluorescence intensities of SOX2 and BrdU as well
as the number of SOX2þBrdUþ cells, while TG manipulation
reversed these effects (Fig. S6CeS6E).

Previous studies had indicated that DDAH1 might regulate the
expression of HIF-1a during ischemic insult.16 Bioinformatic
analysis via JASPAR, a database predicting transcription factor/
protein binding profiles, suggested that HIF-1a binds to the pro-
moter of Chat. Herein, we propose that DDAH1 regulates neu-
rogenesis through HIF-1a/Chat signaling. The dual-luciferase
reporter assay confirmed that Chat activity was enhanced in NSCs
isolated from Ddah1 TG mice, while the opposite trend was
observed in NSCs isolated from Ddah1 KO mice. KC7F2, an
inhibitor of HIF-1a, significantly inhibited DDAH1-upregulated
ChAT activity in NSCs from Ddah1 TG mice (Fig. S6F). As
proposed, DDAH1 regulated the expression of HIF-1a and ChAT
in NSCs, while the HIF-1a inhibitor KC7F2 decreased the
expression of HIF-1a and ChAT as well as the number of
ChATþHIF-1aþ cells (Fig. S6GeS6I).

To further analyze the role of ChAT in DDAH1-regulated
neurogenic activity, coimmunostaining of NSCs with ChAT and
SOX2 was performed. DDAH1 controlled the expression of ChAT
and SOX2 in NSCs after OGD/R injury (Supporting Information
Fig. S7AeS7D). Ddah1 KO reduced the number of
ChATþSOX2þ cells as well as the intensity of SOX2, while TG
manipulation induced the opposite trends. KC7F2 and RNA
interference with Chat abolished the expression of SOX2 and the
number of ChATþSOX2þ cells, respectively. These results indi-
cated that HIF-1a/Chat signaling may participate in the DDAH1-
promoted proliferation of NSCs.

Although DDAH1 promoted the neuronal differentiation of
NSCs in the hippocampus (Fig. 4), whether this differentiation
was dependent on the enhanced proliferation of NSCs was un-
known. Therefore, the effects of DDAH1 on the determination of
the neural fate of NSCs were determined in vitro. When cultured
in differentiation medium lacking growth factors, NSCs gradually
differentiated under OGD/R insult (Fig. S7E). DDAH1 controlled
neural differentiation and neurite extension. Both the number of
ChATþ cells and the expression of ChAT in differentiated neurons
were in line with the variation in DDAH1 expression observed in
OGD/R injury (Fig. S7FeS7H). KC7F2 and RNA interference
inhibited the number of ChATþTuJ1þ cells as well as the in-
tensities of ChAT and TuJ1. Taken together, these data indicated
that HIF-1a/Chat signaling might play a role in the DDAH1-
mediated promotion of neural differentiation in NSCs.

In addition, a-conotoxin AuIB, an inhibitor of a3b4 nAChR,
significantly decreased the expression of SOX2 and TuJ1 under
OGD/R insult (Fig. S7). These findings might indicate that ACh
activates the a3b4 nAChR, which regulates the actions of the
surrounding NSCs in the NSC niche.
4. Discussions

Our recent investigations revealed that DDAH1 might play pro-
tective roles in a variety of disorders, including cardiovascular
diseases, hepatic dysfunction, airborne pollutants and Alzheimer’s
pus 28 days after reperfusion injury. (KeN) Quantitative analysis of

L), the postsynaptic protein PSD95 (M) and the axon-guided protein

are shown as the mean � SEM. #P < 0.05, ##P < 0.01 versus the WT



Figure 6 Poststroke neurogenesis enhanced by DDAH1 contributes to cognitive function recovery but not motor function recovery after I1h/

R28d. (A) Experimental design for evaluating the influence of TMZ on cognitive functions and motor functions in Ddah1 TG and WT mice after

I1h/R28d insult. BrdU at a dosage of 50 mg/kg was administered twice a day for the first 2 days after ischemia. TMZ was injected during the first

3 days per week for 4 weeks at a dosage of 25 mg/kg during reperfusion. (BeH) Cognitive functions were evaluated by the Morris water maze test

(nZ 6, 6, 8, and 8 in WTþNS, WTþTMZ, TGþNS, and TGþTMZ groups, respectively). (B) Evaluation of neurological scores poststroke at the

indicated times. The values are shown as the mean � SEM. *P < 0.05, **P < 0.01 versus the WTþNS group; #P < 0.05 versus the TGþNS

group. Two-way ANOVAwith Dunnett’s multiple comparisons test was used. (C) Representative swimming tracks to the hidden platform on Day

27 and the probe trial test on Day 28 poststroke. (D) Cognitive functions were assessed by the escape latency in the Morris water maze from Day

24 to Day 27 after ischemia. The values are shown as the mean � SEM. *P < 0.05 versus the WTþNS group; #P < 0.05 versus the TGþNS

group; two-way ANOVAwith Dunnett’s multiple comparisons test. (EeG) Spatial bias (E), frequency in the southeastern quadrant (i.e., platform-

located quadrant) (F) and frequency on the platform (G) were detected in the probe trial survey on Day 28 after ischemia. (H) Swimming speed of

mice within 5 days of the Morris water maze test. (I) Motor function was detected by the rotarod test. The latency to fall from the instrument was

measured 3 times per mouse. (EeI) Values are shown as the mean � SEM. *P < 0.05, **P < 0.01 versus the WTþNS group; #P < 0.05 versus

the TGþNS group; one-way ANOVA with Dunnett’s multiple comparisons test. (J) Representative images of double-label immunofluorescence

staining for BrdU and NeuN in the ipsilateral SVZ, striatum and DG. (K, L) Statistical analysis of BrdUþNeuNþ cells in the ipsilateral striatum
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disease7,13,35,55,56. Studies have shown that DDAH1 can attenuate
blood‒brain barrier leakage and improve cerebral ischemic
tolerance in the early phase of cerebral ischemic stroke14,16.
Thereafter, how DDAH1 varies in AIS patients and whether
DDAH1 can induce a rehabilitative response to AIS insults need to
be demonstrated. Our clinical study revealed that DDAH1 may be
an endogenous protective factor against AIS since its increase is
correlated with the severity of AIS impairment. DDAH1 might
participate in cognitive and motor rehabilitation after experimental
stroke impairment partially by activating endogenous hippocam-
pal AN. After stroke insult, DDAH1 might activate multiple
regeneration-guiding factors, including ChAT. ACh secreted from
NSCs might promote the proliferation of adjacent NSCs through
the a3b4 nAChR receptor. In addition, DDAH1 might drive NSCs
to differentiate into ChATþ neurons, which further activates the
proliferation of surrounding NSCs. Enhanced neurogenic activity
contributes to synapse formation and functional recovery against
stroke impairment. In addition, the survival rates of the mice after
28 days of reperfusion were analyzed by c2 tests to determine
whether DDAH1 could improve the survival rate after MCAO
(Supporting Information Table S3). However, no significant dif-
ference was observed among the groups.

The microenvironments of the two discrete neurogenic niches,
the SVZ and SGZ, play important roles in regulating the behavior
of NSCs. Manipulating key factors from stem cell niches to
stimulate endogenous NSCs to regenerate for poststroke brain
repair is expected to be a potential neurogenic approach in stroke
intervention57,58. Kozlova et al.59 used specific markers of
different types of cells to define the location of DDAH1 in
the CNS. DDAH1 was found to be distributed in neurons, astro-
cytes and vascular endothelial cells in both mouse and human
brains60-62. Does DDAH1 in endothelial cells or nerve cells play
major roles in cellecell communication and regulate neurogenic
activity in the AN niche? To investigate this issue, we established
a Nestin-Cre neural Ddah1 cKO line and found that the neuro-
genic activity of Ddah1 cKO mice was similar to that of DDAH
general KO mice. Therefore, we propose that the major contri-
butions of DDAH1 to the NSC niche are from nerve cells rather
than from endothelial cells.

The neurotransmitter ACh can act as a niche-driven cue that
controls neurogenesis in the SVZ and SGZ. ChATþ neurons in the
SVZ niche can control the proliferation of NSCs26, and ACh in the
forebrain promotes the proliferation of NSCs in the SGZ28. How
ACh and ChATþ neurons are derived should herein be demon-
strated. In the present study, RNA sequencing analysis combined
with real-time qPCR analysis and Western blot assay revealed that
DDAH1 might regulate the key genes responsible for the synthesis
of ACh (Chat, Slc5a7, Slc18a3) in the hippocampus after stroke
onset. After ischemic insult, the expression of ChAT was signifi-
cantly enhanced in the SGZ region (Figs. 8F, G and 9).
(K) and DG (L) (n Z 3 per group). The values are shown as the mean �
TGþNS group; one-way ANOVAwith Dunnett’s multiple comparisons tes

associated proteins synapsin-1, synaptophysin, PSD95 and GAP43 in the i

28 days of reperfusion injury. (NeQ) Quantitative analysis of the expressio

(P) and GAP43 (Q) in the ipsilateral hippocampus (n Z 3 per group). The

the sham group; #P < 0.05, ##P < 0.01 versus the WT group; &P < 0.05, &

multiple comparisons test. (R) Representative bands in Western blotting ass

hippocampus of the WTþNS and WTþTMZ groups after 28 days of r

synapsin-1 (S), synaptophysin (T), PSD95 (U) and GAP43 (V) in the ipsi

mean � SEM. *P < 0.05 versus the WTþNS group; two-tailed Student’s
One limitation of our cKO model is that Ddah1 is knocked out
in embryonic NSCs. Considering that Ddah1 might be knocked
out in cells that might differentiate from NSCs (e.g., neurons and
astrocytes), isolated NSCs were applied to confirm the effects of
DDAH1 on neurogenesis in vitro. In vitro assays revealed that
DDAH1 controlled the expression of ChAT in NSCs and the
further neurogenesis behavior of NSCs after OGD insult (Figs. S6
and S7). The concentration of ACh was significantly decreased in
the Ddah1 KO and cKO groups after stroke (Fig. 8K and R).
Therefore, we propose that DDAH1 promotes the proliferation of
NSCs by secreting ACh, which acts on adjacent NSCs. On the
other hand, considering the results of the in vitro assay showing
that DDAH1 could force NSCs to differentiate into ChATþ neu-
rons, we speculated that ChATþ neurons differentiated by DDAH1
in turn induce the proliferation of surrounding NSCs.

The PC12 cell line is a simple and stable model for observing
neural differentiation induced by NGF. Upon stimulation with
NGF, PC12 cells start growing processes and differentiate into
sympathetic-like neurons. NGF, which acts through the TrkA re-
ceptor, has been shown to regulate ACh production and storage by
upregulating the expression of the ChAT and vesicular ACh
transporter (VAChT) genes. These two genes are closely linked
and share the regulatory sequences. Together, they form the so-
called cholinergic locus63. In the present study, RNA-seq
confirmed that DDAH1 regulated the genes Chat and Slc18a3.
Slc18a3 belongs to the VAChT family. Previous studies have
shown that DDAH1 might regulate the expression of HIF-1a
following ischemic insult16. Therefore, we predicted the potential
effects of HIF-1a on Chat and Slc18a3. Bioinformatics analysis of
the JASPAR database indicated that HIF-1a might act on the
promoters of Chat and Slc18a3. The dual-luciferase reporter assay
confirmed that DDAH1 enhanced the activity of ChAT, while this
effect was abolished by treatment with KC7F2, an inhibitor of
HIF-1a (Fig. S6). These results indicate that HIF-1a/Chat
signaling might participate in DDAH1-promoted neurogenesis.

nAChRs are involved in various physiological and patho-
physiological processes, including neuronal development. In our
study, DDAH1 enhanced the expression of the a3 and b4 subunits
of nAChR receptors, which have been proven to play important
roles in regeneration32,63-70. In the human hippocampus, subunits
of a3 and b4 are extensively expressed in pyramidal neurons,
prealpha cells of the entorhinal cortex and dentate granule cells64.
Gahring et al.65 showed that the a3 and b4 subunits were colo
calized with glutamic acid decarboxylase (GAD)-positive in-
terneurons in the mouse dorsal hippocampus. As reported, the
a3b4 subtype is the dominant functional nicotinic ACh receptor in
neural progenitor cells in the rostral migratory stream (RMS).
a3b4 nAChR mediates calcium transients upon application of
ACh in the RMS around the SVZ32, while NGF increases the
transcriptional activity of the b4 subunit66. The whole-cell ACh-
SEM. *P < 0.05 versus the WTþNS group; #P < 0.05 versus the

t. (M) Representative bands of Western blotting assays of the synapse-

psilateral hippocampus of sham, TGþNS, and TGþTMZ groups after

n of the presynaptic protein synapsin-1 (N), synaptophysin (O), PSD95

values are shown as the mean � SEM. *P < 0.05, **P < 0.01 versus
&P < 0.01 versus the TGþNS group; one-way ANOVAwith Dunnett’s

ays of synapsin-1, synaptophysin, PSD95 and GAP43 in the ipsilateral

eperfusion injury. (SeV) Quantitative analysis of the expression of

lateral hippocampus (n Z 3 per group). The values are shown as the

t test.



Figure 7 Conditional knockout of Ddah1 in NSCs abolishes poststroke neurogenesis activities and exacerbates cognitive dysfunction. (A)

Establishment of a Nestin-cre neural Ddah1 conditional knockout (cKO; Ddah1flox/flox; Nesin-Cre) mouse line. (B, C) Statistical analysis of

immunofluorescence staining of BrdUþNeuNþ cells in the ipsilateral striatum (B) andDG (C). (D, E) Statistical analysis of BrdUþGFAPþ cells in the

ipsilateral striatum (D) and DG (E). (BeE) Values are shown as the mean � SEM. (nZ 3 per group). *P < 0.05 versus the Flox group; two-tailed

Student’s t test. (F) Representative images of double-label immunofluorescence staining for BrdU and NeuN/GFAP in the ipsilateral SVZ, striatum

andDG. (G) Evaluation of neurological deficits by the Longa scoring system poststroke at the indicated times (nZ 8 per group). The values are shown

as the mean � SEM. *P < 0.05 versus the Flox group; two-way ANOVAwith Dunnett’s multiple comparisons test. (H) Representative swimming

tracks to the hidden platform onDay 27 and the probe trial test onDay 28 poststroke. (I) Cognitive functionswere assessed by the escape latency in the

Morris water maze test fromDay 24 to Day 27 after ischemia (nZ 8 per group). The values are shown as the mean� SEM. *P< 0.05 versus the Flox

group; two-way ANOVAwith Dunnett’s multiple comparisons test. (JeL) Spatial bias (J), frequency in the southeastern quadrant (i.e., platform-

located quadrant) (K) and frequency on the platform (L) were detected on Day 28 in the probe trial survey after ischemia. (JeL) Values are

shown as the mean� SEM (nZ 8 per group). *P< 0.05 versus the Flox group; two-tailed Student’s t test. (M) Swimming speed of the micewithin 5
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days of theMorris watermaze test (nZ 8 per group). The values are shown as themean� SEM. (N)Motor coordinationwas evaluated via the rotarod

test. The latency to fall from the instrument was measured 3 times per mouse on Day 28 postischemia (nZ 8 per group). The values are shown as the

mean � SEM. *P < 0.05 versus the Flox group; two-tailed Student’s t test. (O) Representative bands of Western blotting assays of the synapse-

associated proteins Synapsin-1, Synaptophysin, PSD95 and GAP43 in the ipsilateral hippocampus 28 days after reperfusion injury. (PeS) Quanti

tative analysis of the expression of synapsin-1 (P), synaptophysin (Q), PSD95 (R) and GAP43 (S) in the ipsilateral hippocampus (nZ 3 per group).

The values are shown as the mean � SEM. *P < 0.05 versus the Flox group; two-tailed Student’s t test.

Figure 8 DEGs in the ipsilateral hippocampus were analyzed via RNA sequencing combined with bioinformatics and verified via real-time

qPCR analysis and Western blot analysis. (A) Experimental illustration of the acute MCAO models for the detection of DEGs. Brain tissues

from the ipsilateral hippocampus were collected for RNA sequencing analysis, real-time qPCR analysis and Western blot analysis after I1h/R23h.

(B) Volcano map of DEGs from the ipsilateral hippocampus of Flox and Ddah1 KO mice. Upregulated DEGs are labeled in red, and down-

regulated DEGs are labeled in green. (C) PPI network of DEGs. The DEGs circled in blue were involved in ACh synthesis, those circled in red

were involved in a3b4 cholinergic signaling, and those circled in green were involved in the AVPR1A pathway. (D) RNA sequencing analysis of

the key DEGs involved in cholinergic signaling and the AVPR1A pathway (n Z 3 per group). (E) Identification of the expression of key DEGs in

the cholinergic signaling pathway and AVPR1A pathway by real-time qPCR analysis in WT, KO and TG mice (n Z 6 per group). The values are

shown as the mean � SEM. #P < 0.05 versus the WT group; one-way ANOVAwith Dunnett’s multiple comparisons test. (F) Representative dots

of Western blot analysis showing cholinergic signals and the AVPR1A pathway in the ipsilateral hippocampus after I1h/R23h injury. (GeJ)

Quantitative analysis of the expression of representative proteins (i.e., ChAT (G), CHRNB4 (H), CHRNA3 (I) and AVPR1A (J)) in the ipsilateral

hippocampus. (K) ACh concentrations in the ipsilateral hippocampus were determined (n Z 3 per group). The values are shown as the

mean � SEM. *P < 0.05 versus the sham group; #P < 0.05, ##P < 0.01 versus the WT group; one-way ANOVA with Dunnett’s multiple

comparisons test. (L) Identification of the expression of key DEGs by real-time qPCR analysis in Flox and cKO mice (n Z 6 per group). (MeQ)

Representative dots of Western blot analysis (M) and quantitative analysis of ChAT (N), CHRNB4 (O), CHRNA3 (P), and AVPR1A

(Q) expression after I1h/R23h injury. (R) ACh concentrations in the ipsilateral hippocampus were determined (n Z 3 per group). The values

are shown as the mean � SEM. *P < 0.05 versus the Flox group; two-tailed Student’s t test.
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Figure 9 DDAH1 regulates the expression of ChAT localized in NSCs in the SVZ and SGZ 23 h after injury. (A) Representative images of

double immunofluorescence staining for ChAT and SOX2 in the SVZ and SGZ. (B, C) Statistical analysis of ChATþSOX2þ cells in the SVZ

(B) and SGZ (C) (n Z 3 per group). The values are shown as the mean � SEM. *P < 0.05, **P < 0.01 versus the sham group; #P < 0.05,
##P < 0.01 versus the WT group; wP < 0.05 versus the Flox group; one-way ANOVA with Dunnett’s multiple-comparison test.
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evoked current of PC12 cells shows inward rectification67,68. In-
ward rectification is evoked by nicotinic receptors, including
a3b469. P19 carcinoma embryonic cells act as another in vitro
model of early neurogenesis. The presence of functional nAChRs,
including a3 and b4 subunits, in embryonic cells suggested that
these receptors are involved in triggering Ca2þ waves during
initial neuronal differentiation70. All these reports indicate that
a3b4 is a key factor in neurogenesis. Therefore, we deduced that
DDAH1 might promote ACh-mediated neurogenesis through the
a3b4 nAChR. DDAH1 enhanced the synthesis of ACh in NSCs in
the AN niche, as mediated by ACh. DDAH1 induced the prolif-
eration of NSCs directly and indirectly by promoting the differ
entiation of NSCs into cholinergic neurons, which further stimu-
lated the proliferation of the surrounding NSCs.

In our present study, we found that DDAH1 in NSCs regulated
neurogenic behaviors after ischemic insult. The proliferation of
NSCs in the SVZ and SGZ was promoted, but only the neuronal
fate commitment of NSCs in the SGZ was determined (Figs. 3 and
4). Western blot analysis revealed that DDAH1 expression in the
ipsilateral striatum increased but might reach a plateau when the
duration of ischemia was extended. However, the expression of
DDAH1 in the ipsilateral hippocampus was higher after 2 h of
ischemia than after 1.5 h of ischemia (Fig. 2). Based on these
observations, we speculated that DDAH1 might be controlled by
negative feedback to prevent excess expression of DDAH1 in the
ipsilateral striatum. This might lead the body to avoid over-
activated neurogenesis and maintain NSC homeostasis in the SVZ.
In addition, the role of DDAH1 in neurogenesis in normal mice
was observed in our preliminary study. The results of
BrdUþDCXþ and BrdUþNeuNþ colabeling indicated that
knocking out DDAH1 tended to decrease neurogenic activity in
the SGZ, while TG mice tended to increase neurogenic activity.
However, no significant difference was observed among the
groups. Based on these results, we speculated that DDAH1 might
be involved in the regulation of NSC homeostasis in vivo so that
its regulation of neurogenesis is confined to normal physical
condition. The regulation of NSC homeostasis by DDAH1 after
stroke insult will be explored in the future study.

BrdU incorporation is the classic assay for detecting neuro-
genesis, which is usually performed by labeling different bio-
markers to identify cell types. GFAP is a biomarker that can be
used to identify astrocytes. However, it can also be expressed in
the early phase of NSCs71. To further confirm that
BrdUþGFAPþ cells are newborn astrocytes that differentiate from
NSCs, we performed BrdU/S100b/GFAP costaining of brain
sections subjected to 28 days of ischemia. As reported, S100b is a
‘mature’ astrocyte biomarker that eliminates the potential for
NSCs72,73. In our present study, S100b could stain almost all of
the BrdUþGFAPþ cells, indicating that the BrdUþGFAPþ cells
after 28 days of ischemic insult represented astrocytes differenti-
ated from NSCs (Fig. S8).

In addition to its ability to activate cholinergic signals, we
explored the regulation of DDAH1 on the canonical DDAH1/
ADMA/NOS pathway after stroke insult. NO originating from
endothelial NOS (eNOS) improves rCBF in the penumbra of the
ischemic brain74. In the present study, the rCBFs of the ischemic



Figure 10 Illustration summarizing the effects of DDAH1 on neurogenesis and rehabilitation functions after ischemic stroke and the underlying

mechanism involved. After stroke insult, elevated DDAH1 regulates the genes responsible for the synthesis of ACh (Chat, Slc5a7 and Slc18a3)

and the concentration of ACh in the hippocampus. The synthesis of ACh might be controlled by the transcription factor HIF-1a. Mediated by

ACh, DDAH1 plays an important role in the AN niche, which might directly induce the proliferation of NSCs and indirectly promote the dif-

ferentiation of NSCs into cholinergic neurons. These cascades might further stimulate the proliferation of surrounding NSCs. Enhanced

neurogenic activity contributes to synapse formation and cognitive and motor functional recovery against stroke impairment.
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region were detected during and after ischemia (Fig. S9). The
results show that the rCBF decreased to approximately 20% of the
baseline before MCAO, indicating that the middle cerebral artery
(MCA) was successfully occluded. The rCBFs of Ddah1 TG mice
were slightly improved at 60 min after ischemia, while there were
no significant differences among the WT, KO and TG mice after
20 min of reperfusion, indicating that the regulation of rCBFs by
DDAH1 was slight and moderate (Fig. S9B and S9C).

In the present study, the NO concentration was investigated by
immunostaining for 3-NT, the peroxynitrite metabolite of NO75.
The concurrent consequence was that DDAH1 elevated the NO
level in both the SVZ and the SGZ at the early reperfusion stage
(Fig. S9DeS9F). It was proposed that the enhancement of rCBF
regulated by DDAH1 might produce protective effects against
acute ischemic insults. The results indicate that DDAH1 regulated
neurological disorders and the infarction volume after ischemic
insult (Fig. S9GeS9I). Compared with WT mice, Ddah1 KO mice
exhibited more severe neurological deficits and larger infarction,
while TG mice exhibited the opposite trends.

In addition to providing acute neuroprotection against ischemic
insults, NO can induce NSCs to proliferate and differentiate into
neural cells by regulating the expression of VEGF76. Therefore,
DDAH1 might also promote regenerative actions by regulating the
synthesis of NO. In addition to regulating cholinergic signals and
the NOS/NO pathway, DDAH1 might promote regenerative ac-
tions through other signals. As described, DDAH1 may have a
mild regulatory effect on AVPR1A receptor expression, which
also results in neuroprotection against degenerative insults77.
However, further research should be performed to address these
questions.
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5. Conclusions

In summary, DDAH1 regulates the genes responsible for the
synthesis of ACh (Chat, Slc5a7, Slc18a3) and the concentration of
ACh in the hippocampus after stroke insult as illustrated in
Fig. 10. Mediated by ACh, DDAH1 plays an important role in the
AN niche, which might directly induce the proliferation of NSCs
and indirectly promote the differentiation of NSCs into cholin-
ergic neurons that further stimulate the proliferation of the sur
rounding NSCs. Enhanced neurogenic activity contributes to
synapse formation and functional recovery against stroke
impairment. Therefore, DDAH1 may be a promising drug target
for stroke intervention.
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