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Abstract
Microthrombosis plays an important role in secondary brain injury after experimental subarachnoid hemorrhage (SAH), 
but the specific mechanism of microthrombosis remains unclear. The purpose of this study was to investigate the role of 
neutrophil extracellular traps (NETs) in microthrombosis after SAH. SAH was induced in male C57BL/6 mice using an 
endovascular perforation technique. The marker protein of NETs, citrullinated histone H3 (CitH3), was significantly elevated 
in the cerebral cortex after SAH, and was co-labeled with microthrombi. Both depletion of neutrophils by anti-Ly6G antibody 
and DNase I treatment significantly reduced the formation of NETs and microthrombi, and ameliorated neurological deficits, 
brain edema, BBB disruption, and neuronal injury at 24 h after SAH induction. Cerebral hypoperfusion in the first hours 
after SAH is a major determinant of poor neurological outcome; in this study, we found that DNase I treatment significantly 
improved the restoration of early cortical perfusion after SAH. In addition, DNase I treatment also significantly attenuated 
cerebrospinal fluid (CSF) flow after SAH, which was associated with the diffusion barrier caused by microthrombi in the 
paravascular space after SAH. In conclusion, NETs are associated with early microthrombosis after SAH; they may be a 
novel therapeutic target for early brain injury (EBI) after SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating disease 
with high mortality and morbidity rates in patients [1, 2]. 
Evidences have indicated that early brain injury (EBI), 
which occurs within 72 h following cerebral aneurysm rup-
ture, plays a crucial role in the outcome of SAH [3, 4]. Vari-
ous mechanisms including microvascular thrombosis have 

been implicated in the pathogenesis of EBI after SAH [5]. 
Microthrombosis was found after SAH in patients and in 
experiment animal models; the number of microthrombi 
correlated with blood-brain barrier (BBB) disruption, early 
cerebral cortical hypoperfusion, and neuronal injury, but the 
mechanisms of microthrombus formation have not yet been 
fully elucidated [6–8].

Neutrophil extracellular traps (NETs) are a meshwork of 
chromatin fibers and antimicrobial peptides that are extruded 
by neutrophils and play important roles in many noninfec-
tious diseases [9]. Recently, the formation of NETs has also 
been reported to be involved in the pathological processes 
of various central nervous system (CNS) diseases, such as 
SAH, ischemic stroke, and traumatic brain injury (TBI) [2, 
10, 11]. In particular, the formation of citrullinated histone 
H3 (CitH3; the marker protein of NETs) in neutrophils is 
associated with adverse consequences. Moreover, NETs 
have been found to be implicated in thrombosis, which 
contribute to platelet aggregation and thrombus forma-
tion [12, 13]. Previous studies showed that the formation 
of NETs has been proposed as one of the mechanisms to 
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explain cancer-associated thrombosis; the infusion of DNase 
I, which degrades extracellular DNA and thereby NETs, 
can reduce the thrombus formation in tumor-bearing mice. 
NETs also play an important role in the formation of deep 
vein thrombosis (DVT); inhibiting NETs significantly sup-
pressed DVT growth [14, 15]. Recently, researchers also 
found that NETs associate with microthrombus formation 
and platelet deposition in COVID-19 patients [16]. With this 
background, we proposed the hypothesis that the NETs were 
involved in the formation of SAH-induced microthrombi. 
First, we established an endovascular perforation model of 
SAH in mice and found the formation of NETs in the brain 
was significantly increased after SAH. Second, we identi-
fied the temporal patterns and localization of NETs after 
SAH and found NETs are consistent with microthrombi 
in location. At last, we demonstrated that DNase I treat-
ment and neutrophil depletion can suppress NET formation 
and microthrombosis, and ameliorate neurological deficits, 
brain edema, BBB disruption, and neuronal injury. In addi-
tion, cerebral hypoperfusion in the first hours after SAH 
is a major determinant of poor neurological outcome, and 
previous studies have suggested that this may be associated 
with early microthrombosis after SAH [17, 18]. In this study, 
we found that DNase I treatment significantly improved the 
restoration of early cortical perfusion after SAH.

Blocking of cerebrospinal fluid (CSF) flow is one of the 
severe neurological complications after SAH [19, 20]. The 
paravascular space is a complex system that ensures the 
exchanges between the extracellular space and CSF con-
tained in the subarachnoid space allowing the clearance of 
macromolecules and metabolic waste from the brain paren-
chyma [21]. It has been demonstrated that CSF is pumped 
into the brain along the periarterial space and disperses into 
the neuropil [21, 22]. Then, extracellular fluid will leave 
the brain along the perivenous spaces, followed by drain-
age along cranial nerves. At last, cervical glymphatic and 
meningeal vessels will collect the fluid and convey it [23]. 
When blood flows out of the vasculature and into the para-
vascular space during SAH, the coagulation cascade would 
be initiated, leading to thrombosis and blockade of CSF flow 
[24]. In the present study, we found that administration of 
DNase I restored CSF flow in early SAH. So we guessed 
that microthrombosis in the paravascular space might also 
be related to NETs.

Materials and Methods

Animals

All experimental procedures were approved by the Ethics 
Committee of the Army Medical University (Third Military 
Medical University), and was performed in accordance with 

the guidelines in the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals, and 
followed the ARRIVE guidelines. Two hundred and fifty-
five adult male C57BL/6 mice weighing 22 to 28 g were 
provided by the Experimental Animal Center of the Army 
Medical University. Mice were acclimated in a reversed 12-h 
dark/12-h light cycle environment and provided with free 
access to water and food.

Experimental Design

The study contained four experiments, which were designed 
as follows and in Supplemental Fig. 1.

Experiment 1

To investigate the time course and cell location of NETs 
after SAH, 20 mice were randomly divided into the follow-
ing five groups (n = 4/group): sham, 4 h after SAH, 12 h 
after SAH, 24 h after SAH, and 48 h after SAH. CitH3 pro-
tein expression was detected by western blot in the cortex 
isolated from the ipsilateral/left hemisphere. Additionally, 
6 mice from sham and 24 h after SAH groups (n = 3/group), 
were used for double immunofluorescence staining to con-
firm the spatial distribution of NETs and microthrombi in 
the cortex. The time points were selected based on our pre-
experimental results and previous study report, in which the 
level of NETs peaked at 24 h post-SAH in the brain [2].

Experiment 2

To elucidate the effect of neutrophil depletion treat-
ment on EBI, 72 mice were randomly divided into three 
groups (n = 24/group): sham, SAH + vehicle (saline), and 
SAH + anti-Ly6G antibody. For neutrophil depletion, anti-
Ly6G antibody (1A8 BioLegend 127,649) was intravenously 
injected into mice at a dose of 5 µg/g mouse at 24 h before 
SAH [25, 26]. SAH severity, neurological scores (beam bal-
ance and modified Garcia tests), brain water content, Evans 
blue dye extravasation, immunofluorescence staining, and 
western blotting were evaluated at 24 h after SAH induction.

Experiment 3

To elucidate the effect of DNase I treatment on EBI, 72 mice 
were randomly divided into three groups (n = 24/group): 
sham, SAH + vehicle (saline), and SAH + DNase I. DNase 
I (Roche 04,536,282,001) was dissolved in saline. DNase I 
(50 μg in 250 μl of saline intraperitoneally and a second dose 
of 10 μg intravenously) was injected 1 h after SAH induction 
[10]. SAH severity, neurological scores (beam balance and 
modified Garcia tests), brain water content, Evans blue dye 
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extravasation, immunofluorescence staining, and western 
blotting were evaluated at 24 h after SAH induction.

Experiment 4

To study the effect of DNase I treatment on CSF flow and 
cortical perfusion after SAH induction, 36 mice were ran-
domly divided into the following three groups (n = 12/
group): sham, SAH + vehicle, and SAH + DNase I. CSF EB 
spread assessment (cisterna magna injection) was used to 
evaluate CSF flow at 24 h post-SAH. A laser speckle blood 
monitor was used to evaluate cortical perfusion at 6 h after 
SAH.

Mouse SAH Model

Endovascular perforation was used to establish the SAH 
model as previously described [27, 28]. Briefly, the animals 
were anesthetized with halothane (70%  N2O and 30%  O2; 
4% for induction, 2% for maintenance, RWD 21,081,501). 
A midline incision was made in the neck to expose the left 
common carotid artery, external carotid artery, and inter-
nal carotid artery. A 5–0 monofilament nylon suture was 
inserted into the left internal carotid artery through the 
external carotid artery stump to perforate the artery at the 
bifurcation of the anterior and middle cerebral arteries. Body 
temperature was kept a constant 37 °C during the operation. 
The mice in the sham group underwent the same procedures 
without the artery perforation.

SAH Grade

The SAH severity grading score was blindly evaluated by 
two independent investigators as previously described [29]. 
The basal cistern was divided into six segments, and each 
segment could be scored from 0 to 3 according to the amount 
of subarachnoid blood clotting in the segment. The total 
score was calculated by adding the scores from six segments 
(0–18 points). Mice that received a score < 8 were excluded 
from the study.

Neurobehavioral Test

The neurobehavioral test was blindly evaluated using the 
modified Garcia test and beam balance test at 24 h after 
SAH as previously described [30, 31]. The modified Garcia 
scale included six measurements as follows: spontaneous 
activity, forepaw outstretching, symmetry of limb climbing, 
responses to body proprioception, and vibrissa touch. The 
mice could receive a total score ranging from 3 to 18. For the 
beam balance score test, the mice were placed on the center 
of a wooden beam to assess the walking distance within 
1 min and were subsequently assigned 0–4 points in total. 

Two blinded observers were employed for grading mean of 
the neurological score.

Brain Water Content

Brain edema was determined using the wet/dry method [29]. 
Mice were decapitated under deep anesthesia at 24 h after 
SAH induction. The brain samples were quickly removed 
from the skull, and were divided into the left and right cer-
ebral hemispheres, the cerebellum, and the brain stem. These 
four parts of the brain were weighed (wet weight), respec-
tively, and the brain samples were then dried at 55 °C for 
72 h in an oven and weighed again (dry weight). The water 
content percentage formula was ([wet weight − dry weight]/
wet weight) × 100%.

Evans Blue Extravasation

Evans blue extravasation was performed to evaluate BBB 
permeability as previously described [29, 32]. Mice were 
anesthetized by pentobarbital sodium (40 mg/kg) i.p. injec-
tion 24 h post-SAH. Evans blue dye (2%, 5 ml/kg Sigma-
Aldrich, E2129) was administered into the caudal vein 
and circulated for 1 h. Under deep anesthesia, mice were 
sacrificed by intracardially perfusing with phosphate-
buffered solution (PBS). The brains were removed and 
quickly divided into the left and right cerebral hemispheres, 
weighed, homogenized in PBS, and centrifuged at 15,000 g 
for 30 min. Subsequently, the resultant supernatant was 
added with an equal volume of trichloroacetic acid, and 
incubated overnight at 4 °C and centrifuged at 15,000 g for 
30 min. Next, the resultant supernatant was collected and 
spectrophotometrically quantified at 610 nm for Evans blue 
dye.

Western Blotting

Western blotting was performed using the left cerebral 
cortex at 24 h after SAH as described previously [33, 34]. 
Equivalent (30 µg) protein amounts were loaded in SDS-
PAGE gels. After gel electrophoresis, protein was transferred 
onto a nitrocellulose membrane, which was then blocked 
by blocking buffer for 2 h at room temperature. The follow-
ing primary antibodies were diluted to incubate with the 
membrane under gentle agitation at 4 °C overnight: anti-
CitH3 antibody (1:2000; Abcam; ab5103) and ZO-1 anti-
body (1:1000; Thermo Fisher; 40–2200). The membranes 
then were incubated with horseradish peroxidase–conjugated 
secondary antibodies for 2 h at room temperature. GAPDH 
(1:10,000; ZEN BIO; 200,306-7E4) was blotted on the same 
membrane as a loading control.
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Immunofluorescence Staining

Immunofluorescence staining was performed on fixed fro-
zen brain sections as previously described [35]. Briefly, 
the mice were deeply anesthetized and perfused with PBS 
and 4% PFA at 24 h after SAH. Brain samples were iso-
lated and post-fixed in 4% PFA for 24 h, and then soaked 
in 30% sucrose for 3 days. Coronal brain Sects. (10 µm) 
were obtained using a cryostat (Leica, CM1860UV, Ger-
many) and treated with 0.3% Triton for 30 min. The brain 
sections were subsequently blocked with 5% normal goat 
serum for 2 h and incubated with the primary antibod-
ies overnight in a 4 °C freezer. The primary antibodies 
are listed as follows: anti-fibrinogen antibody (1:400; 
Abcam; ab119948), anti-CD31 antibody (1:200; Abcam; 
ab28364), anti-CitH3 antibody (1:200; Abcam; ab5103), 
and anti-Ly6G antibody (1:200; Abcam; ab25377). Then, 
the slices were incubated with corresponding second-
ary antibodies for 2  h at room temperature, followed 

by staining with DAPI for 5 min. Neuronal injury was 
detected using Fluoro-Jade C (FJC) staining according 
to the manufacturer’s protocol (Millipore, AG325). The 
brain sections were successively incubated with 80% 
alcohol containing 1% NaOH for 5 min, 70% alcohol for 
2 min, 0.06% potassium permanganate for 10 min, and 
0.0004% FJC working solution for 20 min. Finally, sec-
tions were washed and dried at 42 °C for 30 min in an 
oven and cleared in xylene and coverslipped.

Images were obtained at the basal cortex by confocal laser 
scanning microscopy (Zeiss 880, Germany). We selected at 
least 3 slices from each mouse and analyzed three fields of 
per slice from similar areas of the ipsilateral cortex at a mag-
nification of × 200. For quantification of fibrinogen-positive 
microthrombi, each recognizable thread-like microthrombus 
was counted as one regardless of its length. This resulted in 
a relatively lower number of total counts [6]. All the proce-
dures were performed by two investigators who were blinded 
to the experimental conditions.

Fig. 1  Expression and distribution of NETs in the ipsilateral hemi-
sphere after SAH. a Representative photographs of immunofluo-
rescence staining for CD31 (green) and fibrinogen (red) in sham 
and SAH (24 h) groups. White arrows, microthrombi formed in the 
microvessels. Yellow arrows, microthrombi formed in the paravascu-
lar space. n = 3 per group. Scale bar = 50 μm. b Representative west-
ern blotting images and quantitative analyses of CitH3 expression in 
ipsilateral basal cortex after SAH. n = 4 per group. c Representative 

photographs of immunofluorescence staining for CitH3 (green) and 
fibrinogen (red) in sham and SAH (24  h) groups. n = 3 per group. 
Scale bar = 50 μm. d Representative photographs of immunofluores-
cence staining for CitH3 (red) and Ly6G (green) in sham and SAH 
(24 h) groups. n = 3 per group. Scale bar = 50 μm. Data is expressed 
as the mean ± SD. **P < 0.01 versus sham group; ##P < 0.01 versus 
SAH 24 h
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CSF Flow Assessment

Cisterna magna injection of EB dye was performed to 
observe the movement of CSF at 24 h after SAH as previ-
ously described [24, 36]. After anesthetization, mice were 
placed in the stereotaxic frame, and the atlantooccipital 
membrane was exposed by a midline incision. A needle 

(Hamilton/7803–05) was inserted 1–1.5 mm deep into the 
cisterna magna followed by an injection of 5 μl of 2% EB 
dye (Sigma-Aldrich, E2129) at rate of 1 μl/min. EB dye (2%) 
is prepared by dissolving EB dye in artificial cerebrospinal 
fluid (ACSF Tocris Bioscience 3525). After injection, the 
needle was kept in place for another 10 min to allow EB dye 
to diffuse and then withdrawn.

Fig. 2  Administration of anti-Ly6G antibody significantly decreased 
the formation of fibrinogen-positive microthrombi and NETs at 24 h 
after SAH. a Representative immunofluorescence micrographs of 
fibrinogen-positive microthrombi (red) with CD31 (green) in the ipsi-
lateral basal cortex in different groups. b Representative western blot-
ting images and quantitative analysis of CitH3 in the ipsilateral basal 
cortex in different groups. c Quantitative analysis of fibrinogen-posi-

tive microthrombi in different groups. d Representative immunofluo-
rescence micrographs of CitH3-positive cell (red) with Ly6G (green) 
in the ipsilateral basal cortex in different groups. e Quantitative analy-
sis of CitH3-positive cells in different groups. n = 6 per group. Scale 
bar: 50  μm (overview), 10  μm (zoom-in view). Data is represented 
as the mean ± SD. **P < 0.01 versus sham group; ##P < 0.01 versus 
SAH + vehicle group
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EB dye was allowed to circulate for total of 1 h from 
the start of cisterna magna injection. The mice were then 
deeply anesthetized and perfused with PBS; brain and 
deep cervical lymph nodes (dcLNs) were collected. Two 
methods were used to quantify the EB dye distribution in 
the brain parenchyma and perivascular space. First, the 
ventral surface of the mouse brain was divided into six 
segments (R1–R6); each segment was given a score of 
1 for dye present or 0 for no dye present, and then the 
score was summed. Second, the concentration of EB dye 
in the dcLNs and in the forebrain parenchyma (R1–R3) 
was quantified. The dcLNs and forebrain parenchyma 
were homogenized in PBS, and centrifuged at 15,000 g for 
30 min. Subsequently, the resultant supernatant was added 
with an equal volume of trichloroacetic acid, incubated 
overnight at 4 °C, and centrifuged at 15,000 g for 30 min. 
Next, the resultant supernatant was collected and spectro-
photometrically quantified at 610 nm for Evans blue dye.

Cerebral Cortical Perfusion Analysis

Cerebral cortical perfusion of the whole convexity was 
measured using a laser speckle blood monitor (PeriCam PSI 
System, Sweden) at 6 h after SAH as previously described 
[37, 38]. The mice were mounted on a stereotaxic frame, and 
a midline incision was made to expose the calvaria. Sixty 
perfusion images were recorded at 1 picture per second. 
After these measurements, the wound was then closed with 
sutures and anesthesia was terminated. The perfusion data 
were evaluated using the PIMSoft software. A mean image 
was calculated from the 60 perfusion images. The mean flux 
values were determined by evaluating a region of interest 
(ROI) of 7  mm2 placed over the perfusion territory of the 
left middle cerebral artery [39]. Perfusion was evaluated by 
an investigator blinded to the treatment.

Statistical Analysis

All statistical analyses were performed using the Graph-
Pad Prism 8 software. Quantitative data are expressed as 

the mean ± SEM. One-way ANOVA and Tukey’s multiple 
comparisons were employed for comparisons among the 
different groups. The Kruskal–Wallis test was employed for 
the analysis of the behavior scores; P < 0.05 was considered 
statistically significant.

Results

Animal Use and Mortality

A total of 255 male C57BL/6 mice were used. Ten mice 
were excluded due to mild SAH. None of the animals died in 
the sham group; 38 mice died in the modeling groups. There 
was no significant difference in mortality among the mod-
eling groups. Mortality details for each group are presented 
in Supplementary Table 1.

The Temporal Pattern of Endogenous NET 
Expression and Its Localization with Microthrombi 
After SAH

Western blot analyses demonstrated that the level of NET 
marker CitH3 in the brain was significantly increased 
after SAH. The level of CitH3 peaked at 24 h, after which 
the expression of CitH3 gradually decreased (P < 0.01) 
(Fig. 1b). The immunofluorescence staining was conducted 
at 24 h after SAH. As shown (Fig. 1a), most of the micro-
thrombi were formed in the microvessels, and some were 
located in the paravascular space. Furthermore, immuno-
fluorescence staining showed that CitH3 was co-localized 
with Ly6G (neutrophil marker) as well as fibrinogen-positive 
microthrombi (Fig. 1c, d), which suggested a correlation 
between NET formation and microthrombosis following 
SAH induction.

Anti‑Ly6G Antibody Treatment Reduced NET 
Formation and Microthrombosis After SAH

After treatment of anti-Ly6G antibody, western blot 
analyses indicated that the level of CitH3 was signifi-
cantly reduced in the cerebral cortex 24 h after SAH 
(P < 0.01, Fig.  2b). We used immunof luorescence 
staining to detect NETs and microthrombosis in mouse 
brain tissue with vehicle or anti-Ly6G antibody admin-
istration after SAH. The results showed that a lot of 
fibrinogen-positive microthrombi and CitH3-positive 
cells appeared in the SAH + vehicle group after SAH. 
After intervention with anti-Ly6G antibody, micro-
thrombi and CitH3-positive cells were significantly 
reduced in the SAH + anti-Ly6G group compared with 
those in the SAH + vehicle group (P < 0.01, Fig. 2a, c, 
d, e). These results suggested that anti-Ly6G antibody 

Fig. 3  Administration of anti-Ly6G significantly attenuated neuro-
logical deficits, brain edema, BBB disruption, and neural cell injury 
at 24 h after SAH. a SAH grade score at 24 h after SAH. n = 24 per 
group. b, c Modified Garcia score and balance beam score at 24  h 
after SAH. n = 24 per group. d Quantitative analysis of FJC-posi-
tive cells in different groups. n = 6 per group. e Brain water content 
assessment at 24 h after SAH. n = 6 per group. f Representative west-
ern blotting images and quantitative analysis of ZO-1 in the ipsilat-
eral basal cortex in different groups. n = 6 per group. g Evans blue 
extravasation evaluation at 24 h after SAH. n = 6 per group. h Rep-
resentative immunofluorescence images of FJC-positive cells (green) 
in different groups. n = 6 per group. Scale bar = 50 μm. Data is rep-
resented as the mean ± SD. **P < 0.01 versus sham group; ##P < 0.01 
versus SAH + vehicle group. NS no statistical significance

◂
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administration reduced NET formation and microthrom-
bosis after SAH.

Anti‑Ly6G Antibody Treatment Attenuated 
Neurological Deficits, Brain Edema, BBB Disruption, 
and Neuronal Injury at 24 h After SAH

The SAH grading score results showed that there were 
no significant differences among the SAH + vehicle 

group and the SAH + anti-Ly6G group at 24 h after SAH 
(P > 0.05, Fig. 3a). The modified Garcia score system 
and beam balance test were used to assess neurologi-
cal impairment after SAH. The results showed that the 
modified Garcia score and beam balance score were sig-
nificantly lower in the SAH + vehicle group compared to 
those in the sham group, while administration of anti-
Ly6G antibody significantly improved neurological scores 
in the SAH + anti-Ly6G group (P < 0.01, Fig. 3b, c).

Fig. 4  Administration of DNase I significantly decreased the forma-
tion of fibrinogen-positive microthrombi and NETs at 24 h after SAH. 
a Representative immunofluorescence micrographs of fibrinogen-
positive microthrombi (red) with CD31 (green) in the ipsilateral basal 
cortex in different groups. b Representative western blotting images 
and quantitative analysis of CitH3 in the ipsilateral basal cortex in 
different groups. c Quantitative analysis of fibrinogen-positive micro-

thrombi in different groups. d Representative immunofluorescence 
micrographs of CitH3-positive cells (red) with Ly6G (green) in the 
ipsilateral basal cortex in different groups. e Quantitative analysis 
of CitH3-positive cells in different groups. n = 6 per group. Scale 
bar: 50  μm (overview), 10  μm (zoom-in view). Data is represented 
as the mean ± SD. **P < 0.01 versus sham group; ##P < 0.01 versus 
SAH + vehicle group
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The brain water content in the SAH + vehicle 
group was significantly increased in the bilateral 
hemispheres at 24  h after SAH compared with the 
sham group. The anti-Ly6G antibody treatments sig-
nificantly decreased the brain water content in both 
hemispheres (both P < 0.01, Fig.  3e). Western blot 
analyses indicated that the level of ZO-1 was signifi-
cantly reduced in the SAH + vehicle group; however, 
the administration of anti-Ly6G antibody changed this 
trend (P < 0.05, Fig. 3f). Compared with hemispheres 
in the sham group, the Evans blue dye extravasation 
was substantially higher in both hemispheres in the 
SAH + vehicle group, and anti-Ly6G antibody admin-
istration significantly alleviated the leakage (both 
P < 0.01, Fig. 3g).

FJC staining was performed to evaluate the neuronal 
injury. Compared with the sham group, hemispheres in the 
SAH + vehicle group exhibited a substantially increase in 
the number of FJC-positive cells. Anti-Ly6G antibody treat-
ment markedly reduced the number of FJC-positive cells 
(P < 0.01, Fig. 3d, h).

DNase I Treatment Inhibits the Formation of NETs 
and Prevents Microthrombosis After SAH

Western blot analysis indicated that the level of NETs (CitH3 
as a marker) was significantly decreased in the SAH + DNase 
I group compared with the SAH + vehicle group (P < 0.01, 
Fig. 4b). The results of immunofluorescence staining showed 
that a lot of fibrinogen-positive microthrombi and CitH3-
positive cells appeared in the SAH + vehicle group. After 
DNase I treatment, microthrombi and the CitH3-positive 
cells were significantly reduced in the SAH + DNase I group 
(P < 0.01, Fig. 4a, c, d, e).

DNase I Treatment Attenuated Neurological Deficits, 
Brain Edema, BBB Disruption, and Neuronal Injury 
at 24 h After SAH

No significant difference was found in SAH grade among 
the SAH + vehicle group and the SAH + DNase I group 
at 24 h after SAH (P > 0.05, Fig. 5a). The modified Gar-
cia score system and beam balance test were used to assess 
neurological impairment after SAH. The results showed that 
the modified Garcia score and beam balance score were sig-
nificantly lower in the SAH + vehicle group compared to 
those in the sham group; however, administration of DNase 
I notably improved neurological scores in the SAH + DNase 
I group (P < 0.01, Fig. 5b, c). Western blotting analysis 
showed that the expressions of ZO-1 decreased in the SAH + 

vehicle group compared to those in the sham group. DNase 
I treatment prevented these reductions (P < 0.01, Fig. 5f). 
Moreover, DNase I treatment substantially alleviated brain 
edema and Evans blue dye extravasation at 24 h after SAH 
(P < 0.01, Fig. 5e, g).

FJC staining was performed to evaluate the neuronal 
injury. Hemispheres in the SAH + vehicle group showed 
a significant increase in the number of FJC-positive cells 
compared to those in the sham group, and DNase I treat-
ment markedly reduced the number of FJC-positive cells 
(P < 0.01, Fig. 5d, h).

DNase I Treatment Attenuated CSF Flow Dysfunction 
at 24 h After SAH

At 1  h after cisterna magna injection, EB dye was 
grossly visible on the ventral surface of the mouse brain 
in the sham group. The spread of EB dye was impaired 
in the SAH + vehicle group, but was improved by DNase 
I treatment (Fig. 6a). The number of EB-positive region 
and EB dye concentration in the forebrain decreased 
significantly in the SAH + vehicle group when com-
pared with the sham group, and DNase I treatment sig-
nificantly improved such impairment of CSF movement 
when compared with the SAH + vehicle group (P < 0.01, 
Fig. 6b, e).

Furthermore, the dcLN EB concentration suggested 
that SAH significantly blocked the clearance of EB dye 
from the subarachnoid space to dcLNs 1 h after EB dye 
cisterna injection. Meanwhile, the DNase I treatment sig-
nificantly accelerated the clearance of EB dye from the 
CSF to dcLNs compared with the SAH + vehicle group 
(P < 0.01, Fig. 6d).

DNase I Treatment Improved Recovery of Early 
Cortical Hypoperfusion After SAH

Laser speckle blood monitoring was used to determine corti-
cal perfusion 6 h after SAH. Cortical blood flow in the left 
middle cerebral artery region was significantly decreased in 
SAH + vehicle group after 6 h of SAH induction, while in 
the SAH + DNase I group, it recovered significantly at the 
same time point (P < 0.01, Fig. 6f, g).

Discussion

Recently, microthrombosis has been reported to be a 
potential target for treating early brain injury after SAH 
[5, 18]. However, little is known about the mechanism 
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of microthrombosis after SAH. In this study, we were 
the first to demonstrate a robust correlation between 
NETs and the microthrombosis after SAH. We observed 
the following findings: (1) The expression of CitH3, 
the biomarker of NETs, was significantly increased in 
the mouse brain and peaked at 24 h after SAH mod-
eling; it mainly located in neutrophils and co-located 
with fibrinogen-positive microthrombi. (2) Anti-Ly6G 
antibody as well as DNase I treatment reduced NET 
formation and microthrombosis and significantly allevi-
ated early brain injury after SAH. (3) DNase I treatment 
attenuated CSF flow dysfunction at 24 h after SAH. It 
also improved recovery of early cortical hypoperfusion 
after SAH.

NETs were first described in 2004; previous research 
has demonstrated that NETs were involved in thrombo-
sis [12, 13, 40]. In 2017, Laridan et al. demonstrated 
the presence of NETs in ischemic stroke thrombi [41]. 
In current study, for the first time, NETs was found co-
located with fibrinogen-positive microthrombi after 
SAH. Depletion of neutrophils by anti-Ly6G antibody 
reduces NET formation, reduces microthrombosis, and 
attenuates early brain injury after SAH. This result indi-
rectly supports the hypothesis that NETs were involved 
in the formation of microthrombi after SAH. Although 
anti-Ly6G antibody administration reduces early brain 
injury after SAH, the translational value of this global 
neutrophil depletion is limited by the development of 
associated side effects [42, 43].

Given the lack of effective treatment to reduce 
microthrombosis, NETs may provide a previously 
unrecognized effective target to limit the deleterious 
consequences while preserving the beneficial aspects 
of neutrophils after SAH. NETs are fibrous networks 

of extracellular DNA released by neutrophils under the 
form of decondensed chromatin associated with neutro-
phil granule proteins and histones, which contribute to 
platelet aggregation and thrombus formation [40, 44]. 
Recent studies showed that administration of DNase I, 
which degrades extracellular DNA and thereby NETs, 
improves outcome after myocardial infarction and 
ischemic stroke in mice [41, 45, 46]. Our research also 
demonstrated DNase I as a potential therapeutic target 
for preventing formation of microthrombi after SAH. 
Infusion of DNase I significantly inhibited the forma-
tion of NETs, microthrombosis, brain edema, neuronal 
injury, and BBB disruption.

Previous studies have demonstrated a high relevance 
between early cerebral hypoperfusion and poor outcome 
after SAH, and microvascular thrombosis may be an impor-
tant cause of cerebral hypoperfusion after SAH [39]. This is 
in line with our study. When microthrombosis was inhibited 
by DNase I treatment after SAH, the cerebral cortical perfu-
sion was significantly improved.

CSF blocks are among the serious neurological com-
plications after SAH, which can directly lead to cerebral 
edema and hydrocephalus [47]. However, the mechanism 
responsible for this blockade is still not fully understood. 
Previous research has suggested it may be associated 
with excessive fibrinogen deposition in the paravascu-
lar space remote from the hemorrhage, where no visible 
blood was present [48]. In our study, fibrinogen-positive 
microthrombi were also found in the paravascular space. 
Dissolving NETs by DNase I treatment improved the 
recovery of CSF flow after SAH. This result suggests 
that the formation of NETs after SAH is associated with 
impairment of CSF flow.

Nevertheless, this study has limitations. First, the 
role of NETs in microthrombosis was only investigated 
within 24 h after SAH. It may be more valuable to select 
more research time points. Previous studies suggested 
that delayed cerebral ischemia (DCI) was one of the 
main causes of poor prognosis after SAH, and micro-
thrombosis was proposed as one of the key mechanisms 
in DCI [49]. The long-term effects of NETS should also 
be examined in the future to further understand its role 
in microthrombosis after SAH. In addition, in this study, 
we observed the effect of NETs on CSF flow, but the 
specific mechanism was not been elucidated. There-
fore, further studies are needed to elucidate the role and 
mechanisms of NETs in SAH.

Fig. 5  Administration of DNase I significantly attenuated neurologi-
cal deficits, brain edema, BBB disruption, and neural cell injury at 
24  h after SAH. a SAH grade score at 24  h after SAH. n = 24 per 
group. b, c Modified Garcia score and balance beam score at 24  h 
after SAH. n = 24 per group. d Quantitative analysis of FJC-posi-
tive cells in different groups. n = 6 per group. e Brain water content 
assessment at 24 h after SAH. n = 6 per group. f Representative west-
ern blotting images and quantitative analysis of ZO-1 in the ipsilat-
eral basal cortex in different groups. n = 6 per group. g Evans blue 
extravasation evaluation at 24 h after SAH. n = 6 per group. h Rep-
resentative immunofluorescence images of FJC-positive cells (green) 
in different groups. n = 6 per group. Scale bar = 50 μm. Data is rep-
resented as the mean ± SD. **P < 0.01 versus sham group; ##P < 0.01 
versus SAH + vehicle group. NS no statistical significance

◂
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Conclusion

Our study demonstrated that the formation of NETs con-
tributed to the microthrombosis after SAH. Inhibiting 
NETs reduced microthrombosis, thereby attenuated EBI, 

reduced CSF flow, and improved the recovery of corti-
cal perfusion. Therefore, NETs may be a novel therapeu-
tic target for microthrombosis after SAH and provide a 
multipotent therapeutic strategy for the treatment of EBI 
after SAH.

Fig. 6  Administration of DNase I attenuated CSF flow disorder and 
improved cerebral cortical perfusion after SAH. a Representative 
image of Evans blue distribution in the ventral surface subarachnoid 
space 1 h after Evans blue (2%) injection into cisterna magna. b Con-
centration of Evans blue (μg/g brain tissue) in the forebrain. c The 
ventral brain was divided into six segments. d Concentration of Evans 

blue (μg/g tissue) in the dcLNs. e Quantification of Evans blue–posi-
tive section on the ventral brain. f Representative cerebral cortical 
perfusion images of the mouse in different groups 6  h post-SAH. g 
Quantification of cerebral cortical perfusion at 6  h post-SAH. n = 6 
per group. Data is represented as the mean ± SD. **P < 0.01 versus 
sham group; ##P < 0.01 versus SAH + vehicle group
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