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ARTICLE INFO ABSTRACT

Keywords: Background: Intracerebral hemorrhage (ICH) is a severe type of stroke without effective treatment. The coa-
Fibrinogen gulation cascade is activated after blood flows into the brain parenchyma. The conversion of fibrinogen to fibrin
Hirudin is an essential step of coagulation processes, but its influences on neuroinflammation and long-term outcome
Neuroinflammation

after ICH have not been adequately studied. Hirudin binds to thrombin and inhibits the conversion of fibrinogen
to fibrin. We therefore investigated the impact of hirudin treatment on brain inflammation and long-term
outcome of ICH in mice.

Methods: Fibrinogen levels were measured in plasma samples from patients with ICH. In mice subjected to
collagenase injection, fibrinogen levels were measured in the plasma and brain. The impact of hirudin on
neuroinflammation and long-term neurological outcome was determined in ICH mice.

Results: Circulating fibrinogen level was increased in patients with ICH at day 1 and day 4 after onset. In ICH
mice, fibrinogen levels in the blood and brain were increased at day 7. Delayed daily administration of hirudin
from day 7 to day 28 significantly improved long-term outcome in ICH mice. Hirudin treatment reduced leu-
kocyte accumulation in the brain and shifted microglia toward an anti-inflammatory phenotype. In addition,
depletion of microglia in ICH mice diminished the benefit of hirudin in ICH mice.

Conclusions: These results suggest that inhibition of fibrin formation alleviates brain inflammation and improves
long-term outcome after ICH.

Intracerebral hemorrhage

1. Introduction neural injury [6-10]. In the setting of intracerebral hemorrhage, pre-

clinical and clinical data have revealed that fibrin contribute to edema

Intracerebral hemorrhage (ICH), the most devastating subtype of
stroke, accounts for 10-15% of all stroke victims without effective
treatment [1,2]. Following the rupture of a cerebral blood vessel, blood
accumulates in the tissue around the rupture. The resulting hematoma
and the secondary perihematomal edema (PHE) contribute to the high
mortality and morbidity after ICH. Evidence has demonstrated that
blood components from hematoma can activate the immune system at
the site of hemorrhage, leading to concomitant neuroinflammation and
progressive brain injury [2-5].

Fibrinogen is a major blood component that enters the central
nervous system (CNS) and deposits as insoluble fibrin upon the break-
down of the blood-brain-barrier (BBB). Emerging evidence has de-
monstrated that fibrin is not merely a maker for BBB damage, but also
can augment neuroinflammation by facilitating cytokine secretion from
microglia and recruiting leukocytes, thereby leading to exacerbated

* Corresponding author.
E-mail address: minshuli2012@163.com (M. Li).
1X.L, Z.Z, S.G, and L.Z contributed equally to this work.

https://doi.org/10.1016/j.intimp.2019.04.029

formation and the level of its precursor (fibrinogen) in the plasma are
associated with long-term outcome of ICH patients [10,11]. However,
the exact role of fibrin formation on functional outcome and its po-
tential inflammatory mechanism have not been adequately studied in
ICH.

Hirudin is a polypeptide originally obtained from the medicinal
leech. The C-terminal segment of the hirudin can bind to the fibrinogen
recognition site of thrombin and inhibits the conversion of fibrinogen to
fibrin during clot formation [12]. Previous evidence has shown the
beneficial effects of hirudin to reduce ischemic brain injury [13]. In this
study, we therefore investigated the influence of hirudin treatment on
brain inflammation and long-term neurological outcome in experi-
mental ICH.
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2. Methods and materials
2.1. Study population

Blood samples were collected from 15 ICH patients that were hos-
pitalized in the Department of Neurology of Tianjin Medical University
General Hospital. Of these 15 ICH subjects, 5 were excluded due to their
history of autoimmune diseases (rheumatoid arthritis: 2, asthma: 1,
autoimmune thyroiditis: 1, other autoimmune diseases: 1) and adoption
of immunosuppressant drugs including steroids. 10 ICH patients en-
rolled did not exhibit complications of infections or tumors at admis-
sion (male 5; female 5. Hematoma volume: 21.2 + 6.7 ml. location of
hematoma: basal ganglia). 10 age-matched healthy subjects (male: 5;
female: 5) were recruited into this study as controls. Informed consent
was obtained from all participants, and the study was approved by the
institutional review boards of Tianjin Medical University General
Hospital. Blood samples were collected 1 and 4 days after the onset of
symptoms. The fibrinogen level was counted by TEG (thromboelasto-
graphy) in the clinical lab of Tianjin General Hospital.

2.2. Animals, study design and drug administration

All animal experiments were approved by the Committee on the
Ethics of Animal Experiments of Tianjin Neurological Institute. All
animal experiments were designed, conducted, and reported according
to the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. A total of 103 male C57BL/6 mice (7-8 weeks old) were
used in this experiment. The mortality rate was 17.5% (18 of total 103)
and exclusion rate was 14.6% (15 of total 103). Mice were excluded
based on the clinical score of neurological impairment as measured by
modified Neurological Severity Score (mNSS) at 24 h after ICH prior to
treatment, as described in behavior assessment section. They were
housed in pathogen-free conditions under a standardized light-dark
cycle with free access to food and water. All surgeries were operated on
animals under anesthesia. ICH mice were randomly divided and as-
signed to experimental groups. Mice received hirudin (60 ATU/kg) or
vehicle by i.p. injection for 21 consecutive days starting at day 7 post
ICH. PLX3397 (Selleckchem, Houston, TX) was given by daily oral
gavage at 40 mg/kg for 21 days prior to ICH surgery and continued
until the end of experiment as previously described [14,15].

2.3. ICH model

ICH was induced by injection of bacterial collagenase in mice, as we
previously described [15-18]. Mice were fixed on a stereotactic frame
after being anesthetized with a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) by intraperitoneal (i.p.) injection. A 1-mm-dia-
meter hole was drilled on the right side of the skull (stereotaxic co-
ordinates: 0.5 mm anterior and 2.5 mm lateral to bregma), after which
we injected 0.0375 U bacterial collagenase (Type IV-S, Sigma, St. Louis,
MO, USA) in 0.5pl saline restricted to the right caudate nucleus
(3.7 mm in depth beneath the surface of the skull) at the rate of 1 pl/
min using a 10 pl infusion pump (KD Scientific, Holliston, MA, USA).
The needle was gently withdrawn at the rate of 1 mm/min after being
held in place for 20 min. Finally, the skull hole was sealed with bone
wax and mice were placed in their cages with enough food and water.
During surgery, body temperature was maintained at 37 + 0.5 °C using
an electrical blanket. All procedures were conducted to minimize the
pain and discomfort of animals.

2.4. Behavioral assessment

The system of behavioral assessment in our study included modified
Neurological Severity Score (mNSS) test [19,20], foot fault test [21,22],
and cylinder test [23-25]. Two investigators blinded to the mouse
groups performed the behavior tests to evaluate the neurodeficits at
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days 7, 14, 21 and 28 after ICH.

2.4.1. mNss test

The mNSS test, consisting of a set of tests, was used to evaluate
many aspects of neurological functions, including motor function and
sensory functional reflexes, as previously described [19]. The score was
graded from 0 to 18. One point was given if a mouse failed to perform a
test. A higher score indicates more severe impairment. The rating scale
was as follows: A score of 13-18 indicates severe injury, 7-12 indicates
moderate injury, and 1-6 indicates mild injury. Mice with score < 6 or
over 13 at 24 h after ICH (prior to treatment) were excluded.

2.4.2. Foot-fault test

Foot-fault test was used to assess a rodent's sensorimotor function
[22]. Mice were placed in a grid area (32 cm/20 cm/50 cm (length/
width/height)) with a mesh size of 12 mm and allowed to roam freely
for 5min. A foot fault was defined as the limb dropping into the grid
hole or resting with the grid at wrist level. Percent foot faults were
calculated as the following formula: foot faults / (foot fault + non foot
fault steps) x 00.

2.4.3. Cylinder test

Cylinder test was designed to evaluate spatial and motor behavior
[24]. Mice were placed in a transparent cylinder 15 cm high and 10 cm
in diameter. In the cylinder, mice would rear against the wall and ex-
plore the surface of the wall with one or both forelimbs. Mice were
recorded for a maximum of 5 min or until the mouse reared 20 times.
The percentage of impaired paw usage was assessed using the formula
[(contralateral contacts + 1/2  bilateral contacts) /total con-
tacts] x 100.

2.5. Flow cytometry

Flow cytometry was used to quantify the counts of peripheral im-
mune cells and microglia in the brain. Intracellular staining was per-
formed to measure the expression of inflammation-related factors. At
day 28 after ICH, mice brain tissues were collected and homogenized
through 70 um nylon cell strainers. After removing myelin using 30%
percoll solution, cells were stained with fluorochrome conjugated an-
tibodies as previously described [26-28]. Briefly, all antibodies were
purchased from Biolegend (San Diego, CA, USA), unless otherwise in-
dicated. The process of cell staining was performed following the
manual instructions. The following antibodies were used: CD45 (30-
F11), CD11b (M1/70), CD3 (145-2C11), CD4 (GK1.4), CD8 (53-6.7),
NK1.1 (PK136), CD19 (1D3), Ly6G (1A8), F4/80 (6F12), interlukin-6
(MP5-20F3), IL-10 (JES5-16E3), tumor necrosis factor alpha (TNF-a)
(MP6-XT22), TGF-f (TW7-20B9), CD86 (GL-1), CD206 (C068C2). IL-13
(NJTEN3) was ordered from eBioscience (SanDiego, CA, USA). Flow
cytometry was conducted on FACS Aria flow cytometer and data were
analyzed by Flow Jo 7.6.1 software.

2.6. ELISA

The fibrinogen contents of ICH tissues in mice were quantified using
an ELISA assay (Abcam, Cambridge, United Kingdom). After plasma
collection using EDTA and liver separation, mice were transcardially
perfused and ipsilateral striatum regions weighed 100 mg were col-
lected at day 7. Then brain or liver tissue was homogenized in 500 ul
chilled 1 x Cell Extraction Buffer PTR, followed by incubation on ice
for 20 min and centrifugation at 18000 X g for 20 min at 4 °C. The su-
pernatants were transferred into clean tubes and the sample protein
concentration were quantified using a BCA protein assay (Solarbio,
Beijing, China). At the same time, each ELISA sample (brain, liver,
plasma) or standard was added to the appropriate well with the anti-
body cocktail, followed by seal and incubation for 1h at room tem-
perature on a plate shaker set to 400 rpm. After triple washing, 100 ul
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TMB Substrate was added to each well and incubated for 10 min in the
dark on a plate shaker set to 400 rpm. Finally, 100 pl stop solution was
added and the mixture was measured at a wavelength of 450 nm, as
previously described [29].

2.7. Statistical analysis

Results were analyzed by investigators blinded to the treatment.
GraphPad Prism software was used. Two-tailed unpaired Student's t-test
was used to determine the significance of differences between two
groups. One-way ANOVA followed by a Tukey post hoc test was used for
3 or more groups. A two-way ANOVA accompanied by a Bonferroni post
hoc test was performed for multiple comparisons. Statistical sig-
nificance was set at p < 0.05. Data are shown as mean + SD.

3. Results

3.1. Increased fibrinogen level in patients with ICH and a mouse model of
ICH

Fibrinogen is one key blood-derived molecule that contributes to
coagulation and neuroinflammation. To determine the levels of fi-
brinogen in ICH patients, we obtained blood samples from patients at
day 1 and day 4 after ICH onset. A significant increase in plasma fi-
brinogen levels was seen in ICH patients [control: 2.8 + 0.3 versus
ICH-day 1: 3.2 * 0.4, (mg/ml), p = 0.04]; [control: 2.8 + 0.3 versus
ICH-day 4: 3.5 = 0.4, (mg/ml), p = 0.001] (Fig. 1).

In a mouse model of ICH induced by collagenase injection, we
measured the levels of fibrinogen in the plasma, brain and liver
homogenates. As shown in Fig. 2, we found a significant increase of
fibrinogen in the plasma [control: 99. 9 *= 40.2 versus ICH:
171.9 = 52.6, pg/ml), p =0.02], and brain tissues [control:
0.03 = 0.02 versus ICH: 0.1 * 0.06, ug/mg), p = 0.001] at day 7
after ICH. In addition, we found an increased trend in liver tissues
[control: 1.8 = 0.4 versus ICH: 2.2 * 0.1, pg/mg), p = 0.08]. To-
gether, these results suggest an increase of fibrinogen in the circulation
after ICH onset.

3.2. Hirudin improves long-term outcome after ICH in mice

To determine the potential role of fibrinogen in ICH pathology, we
used a small molecule, hirudin, binds to thrombin to block the con-
version of fibrinogen into fibrin [30]. To avoid the potentially increased
bleeding caused by fibrinogen inhibition during the early time points
after ICH, we initiated hirudin treatment at delayed time points after
ICH. Mice received hirudin (60 ATU/kg) or vehicle by i.p. injection for
21 consecutive days starting at day 7 post ICH. ICH mice receiving
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Fig. 1. Plasma fibrinogen levels in patients with ICH.

Blood samples were collected from the patients at the indicated days after ICH
onset. Blood samples from healthy individuals were used as controls. Plasma
fibrinogen contents were measured by TEG (thromboelastography). Control
group: n = 10; ICH group: n = 10. Data are expressed as mean * SD.
*p < 0.05, **p < 0.01.
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hirudin treatment displayed an improved performance in neurological
assessments including mNSS, foot fault test and cylinder test (Fig. 3).

3.3. Hirudin reduces leukocyte accumulation and modulates microglial
phenotype

Leukocyte accumulation and microglia activation are pivotal factors
involved in inflammation and secondary damage after ICH [31]. To
explore the effect of fibrinogen on neuroinflammation, we examined
leukocyte and microglia responses in ICH mice receiving hirudin.
Gating strategy is shown as in Fig. 4a. At day 28 after ICH onset, no
significant alterations of microglia counts were seen in ICH receiving
hirudin versus vehicle control [vehicle: 162.5 *+ 24 versus hirudin:
150 + 36, (X 103/per brain), p = 0.5] (Fig. 4b). However, the counts
of leukocytes (CD45high), including natural killer (NK) (CD3 " NK1.1%)
[vehicle: 4.3 + 1.7 versus hirudin: 1.6 + 0.4, (x10%/per brain),
p =0.003] and CD8" T cells [vehicle: 11.5 = 2.6 versus hirudin:
8.3 + 1.5, (x10%/per brain), p = 0.03] were significantly reduced in
ICH mice receiving hirudin (Fig. 4c).

Upon activation, microglia can be polarized into a cytotoxic (pro-
inflammatory) or pro-repair (anti-inflammatory) status depending on
the context of disease [32,33]. To investigate the phenotype and
functional diversity of microglia after hirudin treatment in ICH, we
examined the expression of inflammation-related factors in microglia
by flow cytometry (Fig. 4a). In ICH mice receiving hirudin, the number
of microglia expressing CD86 [vehicle: 4.0 = 0.6 versus hirudin:
3.2 = 0.5, x 103/per brain, p = 0.04], IL-6 [vehicle: 5.9 + 0.6 versus
hirudin: 4.6 * 0.5, x10%/per brain, p = 0.003], IL-1f [vehicle:
5.3 = 0.9 versus hirudin: 3.8 + 0.6, x 10%/per brain, p = 0.008] and
TNF-a [vehicle: 8.4 + 1.5 versus hirudin: 6.7 + 1.0, x 10%/per brain,
p = 0.04] were significantly decreased, while the numbers of microglia
expressing CD206 [vehicle: 4.6 + 1.0 versus hirudin: 5.8 = 0.6,
% 10%/per brain, p = 0.03] and IL-10 [vehicle: 1.2 = 0.3 versus hir-
udin:1.6 + 0.4, X 103/per brain, p = 0.04] were increased (Fig. 4d).
Collectively, these results suggest that inhibition of fibrin formation
alleviates brain inflammation after ICH.

3.4. The benefit of hirudin in ICH mice involves microglia

Because hirudin treatment shifted microglia toward anti-in-
flammatory phenotype, we sought to determine whether microglia
would contribute to the protective effects of hirudin in ICH. Using a
colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX3397, we
depleted microglia prior to ICH induction as we previously reported
[34]. PLX3397 treatment continued until the end of experiments
(Fig. 5a). > 90% of microglia (CD1 1b*CD45™) were depleted in mice
receiving PLX3397 for 21 days (Fig. 5b). Importantly, we found that the
benefit of hirudin in ICH mice was diminished in ICH mice receiving
PLX3397 (Fig. 5c—e). These results indicate that the benefit of hirudin in
ICH mice involves microglia.

4. Discussion

This study provides novel evidence that inhibition of the conversion
from fibrinogen to fibrin using hirudin reduces neuroinflammation and
improves ICH recovery. The benefit of hirudin is associated with re-
duction of leukocyte accumulation and modulation of microglial re-
sponse. In addition, the benefit of hirudin treatment was lost in ICH
mice subjected to depletion of microglia. Collectively, our results de-
monstrate that inhibition of fibrin formation might contribute to the
long-term recovery after ICH and warrant further related mechanistic
studies.

Fibrinogen is a circulating glycoprotein in vertebrates. During tissue
and vascular injury, it is converted enzymatically by thrombin to fibrin
and subsequently to a fibrin-based blood clot. In ICH, fibrinogen con-
tent is related to the pathology and neurological outcome. Reportedly,
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Fig. 2. Fibrinogen levels were increased in the brain and plasma at day 7 after ICH in mice.
ICH was induced in C57BL/6 mice by injection of collagenase. At day 7 after ICH, brain tissue, plasma and liver tissue of ICH mice were harvested for ELISA analysis.

The quantification of fibrinogen level in the brain (a), plasma (b) and liver (c). n = 6 mice per group. Data are expressed as mean

+

SD. *p < 0.05, **p < 0.01.
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Fig. 3. Hirudin treatment improved long-term neurological outcome after ICH in mice.

ICH was induced in C57BL/6 mice by injection of collagenase. a. Flow chart illustrates hirudin administration and experimental design. C57BL/6 mice were given
hirudin (60ATU/kg) or an equal volume of saline by daily intraperitoneal (i.p.) injection, starting from day 7 to day 28 after ICH. At days 7, 14, 21, 28 after ICH,
neurological tests were performed to detect the motor, sensory, reflex and balance functions in groups of mice. Neurological function was evaluated by modified
Neurological Severity Score (mNSS) (b), foot fault test (c) and cylinder test (d). Data are presented as mean * SD, n = 8 mice per group. **p < 0.01.

plasma fibrinogen would drop quickly from the baseline level within
minutes after onset of ictus injury. During the following inflammation
process, the plasma fibrinogen level would become higher than normal
for several days or weeks [35]. Circulating fibrinogen level has been
identified as an indicator of worse outcome in hemorrhagic diseases
[11]. However, the exact contribution of fibrin formation to the neu-
rological outcome and tissue inflammation is poorly understood in ICH.
Our study shows that fibrinogen level in the brain was significantly
increased during the late stage of ICH. Delayed blockade of fibrinogen
conversion to fibrin augments ICH recovery. These findings support the
detrimental role of fibrin formation during the late stage of ICH. To-
gether with results from a previous study [36], our findings provide
new evidence that inhibition of fibrin formation is beneficial in ICH.
Previous studies have demonstrated that ICH causes an in-
flammatory reaction that includes activation of microglia and recruit-
ment of blood-derived leukocytes. Microglia, as brain resident immune
cells, are the first responders to brain injury. Evidence indicates that
ICH induces microglia activation and polarization. In an autologous
blood murine model of ICH, microglial activation occurs as early as 4 h
after ICH, and can persist for up to 4 weeks. Genetic profiling of mi-
croglia reveals that microglia obtain a phenotype associated with ICH
recovery starting at day 7 and persist until day 28 after onset [37-40].

Considering that the conversion of fibrinogen to fibrin is involved in the
interactive processes between coagulation and inflammation, we
therefore postulate that hirudin may alleviate the brain's inflammatory
milieu to confer its protective effect of neurological function after ICH.
In support of these view, we found that hirudin treatment reduces
leukocyte accumulation and shifts microglia toward anti-inflammatory
phenotype. In addition, the benefit of hirudin in ICH mice was reduced
after depletion of microglia, suggesting the contribution of microglia to
the improved long-term outcome after hirudin treatment. Fibrin for-
mation was reported to activate microglia and induce their expression
of antigen-presenting genes [10]. This could be caused by the binding
of fibrin to the CD11b/CD18 integrin receptor in microglia or macro-
phages [10,41]. Together with the reduction of accumulated peripheral
leukocytes, these processes could be involved in the reduced neuroin-
flammation and ICH injury after hirudin treatment.

Owing to the multiple functions of thrombin, it is worthwhile to
mention that the beneficial role of hirudin might be related to other
mechanisms including inhibition of cytotoxicity to brain cells or re-
duction of thrombin binding to its receptor (protease-activated re-
ceptor-1, PAR-1). The thrombin-PAR1 pathway has been identified as
key contributor to microglia activation in neural injury [42]. Future
studies are required to test these speculations [36,43,44].
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5. Conclusions

In summary, our findings suggest that inhibition of the conversion

of fibrinogen to fibrin using hirudin reduces neuroinflammation and
promotes ICH recovery.

Author contributions

M.L. formulated the concept and designed the study. X.L. Z.Z. S.G.,

L.Z., X.C. and S.L. performed the studies. X.L., Z.Z. S.G., and L.Z. ana-
lyzed the data and interpreted the results, M.L. and X.L. wrote the
paper.

Acknowledgments

We would like to thank Kristofer Wood for editorial assistance. This

study was supported in part by National Science Foundation of China
grants [grant number 81701176]; The Science and Technology
Development Fund of Tianjin Education Commission for Higher
Education [grant number 2016YD04]; Key Projects of Natural Science
Foundation of Tianjin [grant number 18JCZDJC97600].

Conflict of interests

All authors declare no conflict of interest.

References

[1]
[2]
[3]
[4]
[5]

(6]

[7]

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

J.Y. Kim, H.J. Bae, Spontaneous intracerebral hemorrhage: management, J. Stroke
19 (2017) 28-39.

R.F. Keep, Y. Hua, G. Xi, Intracerebral haemorrhage: mechanisms of injury and
therapeutic targets, Lancet Neurol. 11 (2012) 720-731.

P. Hemorrhagic Stroke Academia Industry Roundtable, Unmet needs and challenges
in clinical research of intracerebral hemorrhage, Stroke 49 (2018) 1299-1307.

J. Wang, S. Dore, Inflammation after intracerebral hemorrhage, J. Cereb. Blood
Flow Metab. 27 (2007) 894-908.

Y. Zhou, Y. Wang, J. Wang, R. Anne Stetler, Q.W. Yang, Inflammation in in-
tracerebral hemorrhage: from mechanisms to clinical translation, Prog. Neurobiol.
115 (2014) 25-44.

R.A. Adams, J. Bauer, M.J. Flick, S.L. Sikorski, T. Nuriel, H. Lassmann, J.L. Degen,
K. Akassoglou, The fibrin-derived gamma(377-395) peptide inhibits microglia ac-
tivation and suppresses relapsing paralysis in central nervous system autoimmune
disease, J. Exp. Med. 204 (2007) 571-582.

D. Wiedemann, S. Schneeberger, P. Fried], K. Zacharowski, N. Wick, F. Boesch,

R. Margreiter, G. Laufer, P. Petzelbauer, S. Semsroth, The fibrin-derived peptide B
beta(15-42) significantly attenuates ischemia-reperfusion injury in a cardiac
transplant model, Transplantation 89 (2010) 824-829.

J.P. Roesner, P. Petzelbauer, A. Koch, N. Tran, T. Iber, D.A. Vagts, T.W. Scheeren,
B. Vollmar, G.E. Noldge-Schomburg, K. Zacharowski, Bbetal5-42 (FX06) reduces
pulmonary, myocardial, liver, and small intestine damage in a pig model of he-
morrhagic shock and reperfusion, Crit. Care Med. 37 (2009) 598-605.

J. Paul, S. Strickland, J.P. Melchor, Fibrin deposition accelerates neurovascular
damage and neuroinflammation in mouse models of Alzheimer's disease, J. Exp.
Med. 204 (2007) 1999-2008.

J.K. Ryu, M.A. Petersen, S.G. Murray, K.M. Baeten, A. Meyer-Franke, J.P. Chan,
E. Vagena, C. Bedard, M.R. Machado, P.E. Rios Coronado, T. Prod'homme,

LF. Charo, H. Lassmann, J.L. Degen, S.S. Zamvil, K. Akassoglou, Blood coagulation
protein fibrinogen promotes autoimmunity and demyelination via chemokine re-
lease and antigen presentation, Nat. Commun. 6 (2015) 8164.

A. Chitsaz, S.A. Mousavi, Y. Yousef, V. Mostafa, Comparison of changes in serum
fibrinogen level in primary intracranial hemorrhage (ICH) and ischemic stroke,
ARYA atherosclerosis 7 (2012) 142-145.

Z. Sun, Z. Zhao, S. Zhao, Y. Sheng, Z. Zhao, C. Gao, J. Li, X. Liu, Recombinant
hirudin treatment modulates aquaporin-4 and aquaporin-9 expression after in-
tracerebral hemorrhage in vivo, Mol. Biol. Rep. 36 (2009) 1119-1127.

M. Karabiyikoglu, Y. Hua, R.F. Keep, S.R. Ennis, G. Xi, Intracerebral hirudin in-
jection attenuates ischemic damage and neurologic deficits without altering local
cerebral blood flow, J. Cereb. Blood Flow Metab. 24 (2004) 159-166.

J.H. Stafford, T. Hirai, L. Deng, S.B. Chernikova, K. Urata, B.L. West, J.M. Brown,
Colony stimulating factor 1 receptor inhibition delays recurrence of glioblastoma
after radiation by altering myeloid cell recruitment and polarization, Neuro-on-
cology 18 (2016) 797-806.

H. Ren, Y. Kong, Z. Liu, D. Zang, X. Yang, K. Wood, M. Li, Q. Liu, Selective NLRP3
(pyrin domain-containing protein 3) inflammasome inhibitor reduces brain injury
after intracerebral hemorrhage, Stroke 49 (2018) 184-192.

M. Li, Z. Li, H. Ren, W.N. Jin, K. Wood, Q. Liu, K.N. Sheth, F.D. Shi, Colony sti-
mulating factor 1 receptor inhibition eliminates microglia and attenuates brain

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

International Immunopharmacology 72 (2019) 473-478

injury after intracerebral hemorrhage, J. Cereb. Blood Flow Metab. 37 (2017)
2383-2395.

M. Li, H. Ren, K.N. Sheth, F.D. Shi, Q. Liu, A TSPO ligand attenuates brain injury
after intracerebral hemorrhage, FASEB J. 31 (2017) 3278-3287.

J. Wang, A.D. Rogove, A.E. Tsirka, S.E. Tsirka, Protective role of tuftsin fragment
1-3 in an animal model of intracerebral hemorrhage, Ann. Neurol. 54 (2003)
655-664.

H.D. Li, M. Li, E. Shi, W.N. Jin, K. Wood, R. Gonzales, Q. Liu, A translocator protein
18 kDa agonist protects against cerebral ischemia/reperfusion injury, J.
Neuroinflammation 14 (2017) 151.

W.N. Jin, R. Gonzales, Y. Feng, K. Wood, Z. Chai, J.F. Dong, A. La Cava, F.D. Shi,
Q. Liu, Brain ischemia induces diversified neuroantigen-specific T-cell responses
that exacerbate brain injury, Stroke (2018), https://doi.org/10.1161/strokeaha.
118.020203.

A.N. Clarkson, B.S. Huang, S.E. Macisaac, I. Mody, S.T. Carmichael, Reducing ex-
cessive GABA-mediated tonic inhibition promotes functional recovery after stroke,
Nature 468 (2010) 305-309.

D. Klebe, J.J. Flores, D.W. McBride, P.R. Krafft, W.B. Rolland, T. Lekic, J.H. Zhang,
Dabigatran ameliorates post-haemorrhagic hydrocephalus development after
germinal matrix haemorrhage in neonatal rat pups, J. Cereb. Blood Flow Metab. 37
(2017) 3135-3149.

M. Li, Z. Li, Y. Yao, W.N. Jin, K. Wood, Q. Liu, F.D. Shi, J. Hao, Astrocyte-derived
interleukin-15 exacerbates ischemic brain injury via propagation of cellular im-
munity, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E396-E405.

W. Zhu, Y. Gao, J. Wan, X. Lan, X. Han, S. Zhu, W. Zang, X. Chen, W. Ziai,

D.F. Hanley, S.J. Russo, R.E. Jorge, J. Wang, Changes in motor function, cognition,
and emotion-related behavior after right hemispheric intracerebral hemorrhage in
various brain regions of mouse, Brain Behav. Immun. 69 (2018) 568-581.

A. Encarnacion, N. Horie, H. Keren-Gill, T.M. Bliss, G.K. Steinberg, M. Shamloo,
Long-term behavioral assessment of function in an experimental model for ischemic
stroke, J. Neurosci. Methods 196 (2011) 247-257.

Y. Gan, Q. Liu, W. Wu, J.X. Yin, X.F. Bai, R. Shen, Y. Wang, J. Chen, A. La Cava,
J. Poursine-Laurent, W. Yokoyama, F.D. Shi, Ischemic neurons recruit natural killer
cells that accelerate brain infarction, Proc. Natl. Acad. Sci. U. S. A. 111 (2014)
2704-2709.

W.N. Jin, X. Yang, Z. Li, M. Li, S.X. Shi, K. Wood, Q. Liu, Y. Fu, W. Han, Y. Xu,
F.D. Shi, Q. Liu, Non-invasive tracking of CD4+ T cells with a paramagnetic and
fluorescent nanoparticle in brain ischemia, J. Cereb. Blood Flow Metab. 36 (2016)
1464-1476.

Q. Liu, N. Sanai, W.N. Jin, A. La Cava, L. Van Kaer, F.D. Shi, Neural stem cells
sustain natural killer cells that dictate recovery from brain inflammation, Nat.
Neurosci. 19 (2016) 243-252.

S. Fields, B. Song, B. Rasoul, J. Fong, M.G. Works, K. Shew, Y. Yiu, J. Mirsalis,

A. D'Andrea, New candidate biomarkers in the female genital tract to evaluate
microbicide toxicity, PLoS One 9 (2014) e110980.

M.A. Petersen, J.K. Ryu, K. Akassoglou, Fibrinogen in neurological diseases: me-
chanisms, imaging and therapeutics, Nat. Rev. Neurosci. 19 (2018) 283-301.

Y. Fu, Q. Liu, J. Anrather, F.D. Shi, Immune interventions in stroke, Nat. Rev.
Neurol. 11 (2015) 524-535.

M. Colonna, O. Butovsky, Microglia function in the central nervous system during
health and neurodegeneration, Annu. Rev. Immunol. 35 (2017) 441-468.

Q. Li, B.A. Barres, Microglia and macrophages in brain homeostasis and disease,
Nat. Rev. Immunol. 18 (2018) 225-242.

M.R. Elmore, A.R. Najafi, M.A. Koike, N.N. Dagher, E.E. Spangenberg, R.A. Rice,
M. Kitazawa, B. Matusow, H. Nguyen, B.L. West, K.N. Green, Colony-stimulating
factor 1 receptor signaling is necessary for microglia viability, unmasking a mi-
croglia progenitor cell in the adult brain, Neuron 82 (2014) 380-397.

D. McBride, J. Tang, J.H. Zhang, Maintaining plasma fibrinogen levels and fi-
brinogen replacement therapies for treatment of intracranial hemorrhage, Curr.
Drug Targets 18 (2017) 1349-1357.

Y. Hua, T. Schallert, R.F. Keep, J. Wu, J.T. Hoff, G. Xi, Behavioral tests after in-
tracerebral hemorrhage in the rat, Stroke 33 (2002) 2478-2484.

M. Xue, M.R. Del Bigio, Intracerebral injection of autologous whole blood in rats:
time course of inflammation and cell death, Neurosci. Lett. 283 (2000) 230-232.
X. Hu, RK. Leak, Y. Shi, J. Suenaga, Y. Gao, P. Zheng, J. Chen, Microglial and
macrophage polarization-new prospects for brain repair, Nat. Rev. Neurol. 11
(2015) 56-64.

J. Wang, Preclinical and clinical research on inflammation after intracerebral he-
morrhage, Prog. Neurobiol. 92 (2010) 463-477.

Z. Zhang, Z. Zhang, H. Lu, Q. Yang, H. Wu, J. Wang, Microglial polarization and
inflammatory mediators after intracerebral hemorrhage, Mol. Neurobiol. 54 (2017)
1874-1886.

D. Davalos, J.K. Ryu, M. Merlini, K.M. Baeten, N. Le Moan, M.A. Petersen,

T.J. Deerinck, D.S. Smirnoff, C. Bedard, H. Hakozaki, S. Gonias Murray, J.B. Ling,
H. Lassmann, J.L. Degen, M.H. Ellisman, K. Akassoglou, Fibrinogen-induced peri-
vascular microglial clustering is required for the development of axonal damage in
neuroinflammation, Nat. Commun. 3 (2012) 1227.

S. Wan, Y. Cheng, H. Jin, D. Guo, Y. Hua, R.F. Keep, G. Xi, Microglia activation and
polarization after intracerebral hemorrhage in mice: the role of protease-activated
Receptor-1, Transl. Stroke Res. 7 (2016) 478-487.

L. Peng, X. Pan, G. Yin, Natural hirudin increases rat flap viability by anti-in-
flammation via PARs/p38/NF-kappaB pathway, Biomed. Res. Int. 2015 (2015)
597264.

Q. Ma, B. Huang, N. Khatibi, W. Rolland 2nd, H. Suzuki, J.H. Zhang, J. Tang,
PDGFR-alpha inhibition preserves blood-brain barrier after intracerebral hemor-
rhage, Ann. Neurol. 70 (2011) 920-931.


http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0005
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0005
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0010
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0010
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0015
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0015
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0020
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0020
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0025
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0025
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0025
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0030
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0030
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0030
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0030
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0035
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0035
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0035
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0035
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0040
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0040
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0040
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0040
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0045
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0045
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0045
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0050
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0050
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0050
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0050
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0050
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0055
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0055
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0055
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0060
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0060
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0060
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0065
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0065
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0065
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0070
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0070
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0070
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0070
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0075
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0075
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0075
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0080
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0080
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0080
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0080
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0085
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0085
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0090
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0090
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0090
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0095
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0095
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0095
https://doi.org/10.1161/strokeaha.118.020203
https://doi.org/10.1161/strokeaha.118.020203
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0105
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0105
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0105
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0110
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0110
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0110
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0110
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0115
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0115
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0115
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0120
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0120
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0120
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0120
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0125
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0125
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0125
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0130
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0130
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0130
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0130
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0135
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0135
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0135
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0135
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0140
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0140
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0140
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0145
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0145
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0145
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0150
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0150
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0155
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0155
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0160
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0160
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0165
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0165
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0170
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0170
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0170
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0170
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0175
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0175
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0175
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0180
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0180
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0185
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0185
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0190
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0190
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0190
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0195
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0195
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0200
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0200
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0200
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0205
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0205
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0205
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0205
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0205
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0210
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0210
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0210
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0215
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0215
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0215
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0220
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0220
http://refhub.elsevier.com/S1567-5769(18)30632-5/rf0220

	Inhibition of fibrin formation reduces neuroinflammation and improves long-term outcome after intracerebral hemorrhage
	Introduction
	Methods and materials
	Study population
	Animals, study design and drug administration
	ICH model
	Behavioral assessment
	mNss test
	Foot-fault test
	Cylinder test

	Flow cytometry
	ELISA
	Statistical analysis

	Results
	Increased fibrinogen level in patients with ICH and a mouse model of ICH
	Hirudin improves long-term outcome after ICH in mice
	Hirudin reduces leukocyte accumulation and modulates microglial phenotype
	The benefit of hirudin in ICH mice involves microglia

	Discussion
	Conclusions
	Author contributions
	Acknowledgments
	Conflict of interests
	References




