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Abstract

Background: The neuroprotective effects of neuroserpin (NSP) have been well documented in both patients and
animal models with cerebral ischemia; however, have never been investigated in hemorrhagic stroke. The aim of this
study is to verify the neuroprotection of NSP in the non-tPA-induced intracerebral hemorrhage (ICH) mouse model.

Methods: C57BL/6J male mice (n = 198) were involved in this study. ICH models were established with infusion of
autologous blood into the brain parenchyma. We then detected NSP expression in ICH brains by morphological
methods and western blotting analysis. We measured the brain water content and detected blood-brain barrier (BBB)
permeability to verify the neuroprotective effects of NSP.

Results: We found that NSP protein expression was upregulated in ICH models, with a peak at 48 h after ICH induction.
NSP local administration reduced the brain edema and the BBB permeability in ICH models. The neurological deficits
were also ameliorated. Thus, the neuroprotection of NSP in ICH state was confirmed. Additionally, we also found that the
distribution pattern of occludin-expressing cells was obviously changed by the ICH procedure but partly recovered after
NSP administration. This finding indicated that protecting and/or repairing the injured vascular endothelial cells may be
a potential mechanism involved in NSP neuroprotection, which needs further verification.

Conclusions: Our results supported the fact that NSP may be considered as a potential therapy for ICH for the
neuroprotective effects including amelioration of the edema.

Keywords: Neuroserpin, Intracerebral hemorrhage (ICH), Blood-brain barrier (BBB), Neuroprotective effect, Vascular
endothelial cells, BBB permeability

Background
Neuroserpin (NSP), as an inhibitor of the tissue plasmino-
gen activator (tPA), has been reported to exert neuropro-
tective effects in animal models [1–3] and in patients with
cerebral ischemia (CI) [4]. The detailed mechanism in-
volved in the neuroprotection of NSP is unclear. Our previ-
ous study showed the potential efficacy of NSP in the
pathogenesis and treatment of CI [2]. Later studies indi-
cated that the mechanisms may be related to preventing N-
methyl-D-aspartic acid-induced neurotoxicity [5], reducing

tPA-mediated inflammation and disruption of the blood-
brain barrier (BBB) [6], thus destroying the balance be-
tween NSP and tPA expression [1]. Our recent study
showed that NSP has a neuroprotective effect on ischemic
astrocytes [7] neurons, microglia [8], and in patients [9].
The neuroprotection on ischemic brain and/or cells is
confirmed regardless of the detailed mechanism being
uncertain. We hypothesized that such neuroprotection also
exists on a hemorrhagic brain.
Intracerebral hemorrhage (ICH) is a common type of

stroke. Although the pathophysiology of ICH is quite differ-
ent than that of CI, they almost share the same pathogen-
esis [10]. ICH can be induced by inappropriate intravenous
tPA therapy in CI individuals, leading to failure of the BBB,
thus collapsing cerebral capillaries that can no longer hold
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blood constituents and contributing to the formation of an
edema [11]. Another recent report indicated that tPA in-
creases the neurological deficits in tPA-induced ICH [12].
It is understandable that NSP is capable of reducing the in-
cidence of hemorrhagic transformation induced by tPA
thrombolysis in experimental CI models, contributing to
an increase in the therapeutic window for tPA thrombolysis
[13, 14]. Nevertheless, with regard to the non-tPA-related
hemorrhage, insights toward the role of endogenous tPA
are limited. Whether NSP has a neuroprotective effect in
non-tPA-induced ICH brains through a tPA-induced or
non-tPA-induced mechanism is interesting and may be
useful to develop a new treatment strategy of ICH. In this
context, the primary task of the present study is to verify
whether NSP shows its neuroprotective effects on a non-
tPA-induced hemorrhagic brain, such as attenuating the
BBB permeability ameliorating the edema, then improving
the neurological deficits. We therefore observed whether
NSP can reverse these neurotoxic effects induced by an ex-
perimental ICH process. Moreover, we observed the distri-
bution pattern of occludin-expressing cells to investigate
effects of NSP on vascular endothelial cells. We believe
these experiments are helpful to achieve a deeper under-
standing of whether NSP has neuroprotective effects on
non-tPA-induced ICH. To the best of our knowledge, this
is the first study that focused on the effects of NSP in a
non-tPA-induced hemorrhagic stroke.

Methods
Establishment and verification of the ICH model
A total of 198 male C57BL/6J mice (8–12 weeks old,
body weight 25–35 g; Shanghai Institute of the Chinese
Academy of Science, China) were involved in this study. All
animals were treated according to the National Institute of
Health Guidelines for the Care and Use of Laboratory
Animals. All experimental procedures were approved
by the Animal Care and Use Committee of the Fudan Uni-
versity (authorization No: 0556262). After anesthetization
with 10% chloral hydrate [400 mg/kg, Sinopharm Chemical
Reagent Co. (SCRC), Ltd., China], the ICH model was
established after double-injection of autologous blood
(15 μL) into the brain parenchyma (basal ganglia) of the
mice, as described previously [15] (Fig. 1a). ICH mice were
divided into three groups according to the duration of ICH
procedure: ICH24h (n = 36), ICH48h (n = 60), and
ICH72h (n = 36). We also used sham models (n = 54, 36
for experiments and 18 for the pre-experiments) inserting
the injection needle into the basal ganglia without injec-
tion of the autologous blood. We used sham models
with injection needle into the basal ganglia. In our
pre-experiments, we compared the neurological deficit
rating scales, Numbers of NSP + expression cells, and
NSP expression in the rats of sham24h, shame48h and
sham72h (n = 6 respectively), and found there were no

significant difference of neurological deficit (Additional
file 1: Figure S1), Numbers of NSP + expression cells
(Additional file 2: Figure S2A and S2B) among these sham
models in different time points. We therefore used sham
48 h as our standard sham models in the present study.
The blank control mice (n = 12) were sacrificed without
any surgery, deeply anesthetized using chloral hydrate
(400 mg/kg).
To verify the success of these ICH models, a rating

scale (RS), based on a battery measuring the neurological
function in mice, described previously [16] was adopted
to assess the neurological deficits of the animals. Briefly,
two tasks, i.e., the postural reflex test (PRT) and the
forelimb placing test (FPT) were included in RS. The
scores of PRT are 0–2 according to the different levels of
deficits of the upper body posture while the animal was
held by the tail. The scores of FPT included three subi-
tems measuring the sensorimotor integration when fore-
limbs were placed responding to visual (dorsal placing
0–2; lateral placing 0–2), tactile (dorsal placing 0–2; lat-
eral placing 0–2), and proprioceptive (0–2) stimuli. The
maximal scores are 12 by adding the scores of PRT and
FPT, indicating the most severe deficits [17]. The behav-
ioral assessments were performed by an independent
staff blinded to the other experiments to avoid the ob-
servation bias [18, 19].After finishing the behavioral test,
the animals (blank control, n = 12; sham48h, n = 12;
ICH24h, n = 12; ICH48h, n = 12; ICH72h, n = 12) were
deeply anesthetized by an overdose of chloral hydrate
(400 mg/kg), the brains were removed and placed in for-
malin solution until slicing. The brains were dehydrated in
a 10% sucrose solution for 1 day and then 30% sucrose so-
lution for 2–3 days, till the brain sank to the bottom of
the bottle [20]. Then, 10-μm coronal sections were cut on
a freezing microtome and processed for confirmation of
the hematoma; staining and western blotting analyses
were conducted to detect NSP expression.

Detection of NSP expression in ICH brains by IHC + Hoechst
double staining and western blotting analysis
The abovementioned mice (n = 6 in each group) were
used in this analysis. Brains were stained following
standard IHC procedures described previously [1]. In
brief, sections from 2.5 to 3.5 mm from the bregma were
selected. All sections were first immersed in methanol
0.3% H2O2 in the dark, treated with 0.3% Triton X-100
phosphate-buffered saline (PBS), and then preincubated
with 10% goat serum (CWBIO, China) for 20 min at
23 °C. Then, they were incubated with a primary rabbit
anti-NSP antibody (ab33077, 1:100; Abcam, USA) over-
night at 4 °C; the control group was incubated with 10%
PBS instead. A secondary goat anti-rabbit IgG-fluorescein
isothiocyanate (FITC) antibody (CW0114, 1:100; CWBIO)
was added and incubated for 60 min at 37 °C. Then
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for double staining, a standard Hoechst staining was
employed to observe changes in nuclear DNA of these
slices [21]. Hoechst 33,342 (Sigma B2261, 1:5000) was
added and incubated for 10 min. Sections were covered
with 50% glycerin and dried, and pictures were taken
using a light microscope (Olympus, Japan) and a digital
camera (Olympus). NSP-expressing cells were identified
by the green staining in the cells with blue staining in the
nuclear DNA. We counted the NSP-expressing cells in
each slice and got the average.
A standard western blotting procedure was employed

to analyze NSP expression [1]. The mice mentioned
above (n = 6 in each group) were involved in this ana-
lysis. Briefly, brain homogenates were prepared using
RIPA/ phenylmethanesulfonylfluoride or phenylmethyl-
sulfonyl fluoride (PMSF) (100 μL/1 μL with 10-mg brain
tissue) buffer and pulsed with ultrasound. They were
frozen in ice for 30 min and then centrifuged for 20 min
at 12,000 rpm at 4 °C. The supernatants were separated
and boiled with a 5× loading buffer for 5 min at 100 °C
and then frozen in ice. NSP protein in the supernatants
was separated by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred to a polyvinyli-
dene fluoride membrane. Blots were incubated with a
primary rabbit anti-NSP antibody (ab33077, 1:250, Abcam),
and a mouse anti-β tubulin antibody (KC5701, 1:10,000,
Kangchen, China) overnight at 4 °C. According to user
manual of the kits, the sensitivity is 1–2 μg/mL, and the

antibodies are specific for neuroserpin without any signifi-
cant cross reactivity or interference with serpin A6, serpin
I2 (both at 100 ng/mL), serpin A12 (at 2 ng/ mL), urinary
trypsin inhibitor (at 100 ng/ mL) and S100B (at 4 ng/ mL)
in mice. After incubating with a secondary goat anti-rabbit
antibody (CW0103, 1:5000, CWBIO) and goat anti-mouse
antibody (CW0102, 1:10,000, CWBIO) coupled with horse-
radish peroxidase (HRP), antigen–antibody reaction bands
were visualized using a chemiluminescence detection kit
(Thermo Scientific, USA), recorded, and quantified using
an Image-Pro Plus 5.0 software (Media Cybernetics, USA).

Verifying the neuroprotective effects of NSP with
measurements of the behavioral performance, brain water
content and the BBB permeability
ICH24h, ICH48h, ICH72h, and sham groups (n = 12 in
each group) were involved in this experiment. The mice
were anesthetized with 10% chloral hydrate (400 mg/kg),
and recombinant human NSP (PeproTech, USA) (3 μL
of 25 μg/mL) was stereotactically injected into the shal-
low cortex of the hematoma (AP = 1 mm; LP = 2 mm;
depth = 3 mm from bregma), making the ICH + NSP
group. The control groups using ICH24h, ICH48h,
ICH72h (n = 12 in each group), received 3 μL of saline
(0.9%, also given to the sham group). When animals re-
covered from the anesthesia, RS [16] was performed to
assess the locomotor abilities of all animals in each
group. Once the behavioral assessments were completed,

Fig. 1 Establishment of the intracerebral hemorrhage (ICH) mouse model. a. The location of the blood injection. b. Coronal section of a sham
mouse. c. Coronal section of an ICH model. d. Behavioral assessments of the ICH model. We found that the ICH procedure significantly increased
the neurological deficit rating scores (ICH groups vs. sham group), while the symptoms reached a peak 48 h after the surgery (ICH48h vs. ICH24h). *,
P < 0.05. CTX: cortex; BG: basal ganglia; R: right; L: left
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the animals were deeply anesthetized with 10% chloral
hydrate (400 mg/kg) for the next experiments.
Half of the mice mentioned above (n = 6 in each group)

were involved in this experiment. The brains were re-
moved and brain tissues (100 mg) around the hematoma
were excised, and the wet weight was accurately mea-
sured. Then, all of the samples were dried in an oven (for
24 h at 100 °C, Zuofei, China). The dry weight was also
measured accurately. Brain water content was calculated
as (wet weight − dry weight)/wet weight × 100%.
Evens Blue (EB, SCRC LTD., China) was diluted to a

2% solution with 0.9% sterilized saline. Then the solution
was injected into the caudal veins of the remaining mice
(n = 6 in each group, 4 mL/ kg of body weight). The EB
stain was allowed to circulate for 1 h following transcar-
dially perfusion of 100 mL PBS. The brains were removed
and the right hemispheres were selected as samples. All
the samples were homogenized in methanamide (1 mL/
100 mg of brain tissue), and then incubated overnight at
4 °C. The homogenates were then centrifuged (1000 rpm
for 5 min at 4 °C, Thermo, USA), and the supernatants
were collected. EB leakage was measured by a spectropho-
tometer (Multiskan MK3, Saimo, China) (λ = 632 nm)
and quantified using a standard curve.

IHC and Hoechst double staining for the occludin-expressing
cells
Only the ICH48h group was involved in the following
studies (ICH48h mice showed the maximal abnormality,
see Results section). We made the ICH48h + NSP group
(n = 12) along with the control group (ICH48h,n = 12)
as we described in the above section. Both the control
and sham groups received 3 μL of 0.9% saline. When the
animals recovered from the anesthesia, the same RS [16]
was used to confirm the motor deficits. Once the ICH
symptoms were confirmed, the animals were again deeply
anesthetized with 10% chloral hydrate (400 mg/kg) for the
next experiment.
We used the same standard IHC staining procedures

used for NSP to detect the distribution of occludin-
expressing cells. We used an anti-occludin antibody
(Invitrogen 331,500, 1:100, Invitrogen, USA) as the primary
antibody, whereas goat anti-rabbit IgG-FITC (CW0114,
1:100, CWBIO) as the secondary antibody for IHC stain-
ing. Hoechst staining was performed for these slices under-
going double staining using Hoechst 33,342 (Sigma B2261,
1:5000). Photos were taken using a light microscope
(Olympus, Japan) and a digital camera (Olympus, Japan).

Statistical analysis
All statistical analyses were performed using SPSS software
(V 13.0.0., SPSS, USA). To verify the difference among the
control group, sham group, and ICH groups, data were an-
alyzed using two-way ANOVA, followed by Bonferroni

post-hoc correction; to compare the difference between
groups with NSP treatment and groups without NSP
administration, the Student’s t-test was used. Data are pre-
sented as mean ± standard error. P < 0.05 was accepted as
statistically significant.

Results
Verification of the ICH model
Figure 1 shows the results of the establishing the ICH
model. Figure 1b is a photo in a sham mouse. From a cor-
onal section in an ICH model (Fig. 1c), the hematoma can
be clearly observed. The behavioral data also showed that
ICH significantly reduced motor performance (Fig. 1d). By
morphological and behavioral evidence, we confirmed
successfully establishing the ICH model.

NSP expression in ICH brains
Figure 2a demonstrates the quantitative results of
IHC + Hoechst double staining. We found NSP + expres-
sion cells in ICH groups were significantly higher than
the sham48h group. Interestingly, we found that NSP ex-
pression reached a peak in the ICH48h group (Fig. 2a),
consistent with the behavioral performance. The worst
rating scores were found in the ICH48h (Fig. 1d).
The figure of IHC + Hoechst staining is available in
Additional file 2: Figure S2C.
Western blotting analysis was conducted for quantita-

tively analyzing NSP protein expression. NSP protein ex-
pression was upregulated in the ICH groups in comparison
with the sham48h group (Fig. 2b). However, we did not
find any difference among the ICH groups.
Our findings demonstrated that NSP protein expres-

sion was upregulated in ICH.

Verifying the neuroprotective effects of NSP by local
administration
Figure 3 demonstrates the efficacy of NSP local adminis-
tration. The behavioral performance (Fig. 3a), the cere-
bral water content (Fig. 3b), and the EB leakage (Fig. 3c)
were significantly ameliorated by NSP administration.
Our data showed that NSP reduced brain edema and the
BBB permeability in the ICH state. Accordingly, the
motor performance was also significantly improved. By
these data, we verified the neuroprotective effects of
NSP in an ICH rat brain.

Changes of the distribution pattern of occludin-expressing
cells related to NSP local administration
Figure 4 shows distribution of the occludin-expressing cell
related to NSP local administration with IHC + Hoechst
double staining. In the sham group, occludin-expressing
cells were distributed regularly and formed a pattern sur-
rounding the capillaries. On the other hand, in the ICH
groups, this distribution could not be observed because
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no occludin-expressing cell was found surrounding the ca-
pillaries. Interestingly, in the ICH brains with NSP admin-
istration, the distribution pattern was re-established, with
occludin-expressing cells around the capillaries. These
figures indicated the changes of integrality of blood
vessel endothelium affected by ICH procedure and NSP
administration.

Discussion
The most important finding in the present study is that
we confirmed the neuroprotective effect of NSP in a
non-tPA-induced ICH mouse brain. Edema and the en-
hanced BBB permeability caused by experimental ICH
procedure were significantly ameliorated by NSP local
administration. The related neurological deficits were
also significantly improved. To the best of our know-
ledge, this is the first report that demonstrates the

neuroprotection of NSP on non-tPA-induced hemorrhagic
stroke. In addition, we found that the distribution pattern
of occludin-expressing cells was recovered after NSP ad-
ministration This finding gives us a hint that NSP may
protect and/or repair blood vessel endothelium injury
caused by ICH, which needs deeper investigation.
NSP is an inhibitor of tPA whose neuroprotective ef-

fects have been widely regarded in ischemic stroke. The
present study verified our hypothesis of its neuroprotec-
tive effect in non-tPA-induced ICH. We selected an ICH
model injecting blood directly into the brain, which
showed delayed and progressive BBB disruption after
12–48 h [22, 23]. Our results showed edema (Fig. 3b) and
disruption of the BBB (Fig. 3c) in ICH brains. Importantly,
the severity of these changes showed the same tendency
as the behavioral assessments (Fig. 1d and Fig. 3a); in par-
ticular, 48 h after ICH the mice showed the most severe

Fig. 2 NSP expression in ICH brains. a. Quantitative results of IHC + Hoechst double staining for NSP-expression cells. Cell counting of the ICH
model. We found that the ICH procedure significantly increased the numbers of NSP-expressing cells (ICH groups vs. sham48h group, while
NSP-expressing cells reached a peak in the ICH48h group. *, P < 0.05. b. NSP protein expression in the tissues around the hematoma at 24 h/
48 h/72 h after ICH. The quantitative results of western blotting for the NSP protein expression. We found that the bands of ICH24h, ICH48h, and
ICH72h groups were stronger than those of the intact and sham48h groups during western blotting analysis (ICH groups vs. sham48h group),
while no significant difference was found among the ICH groups (b). *, P < 0.05
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motor deficits, the strongest edema, and the highest BBB
permeability during the present experimental system.
These phenomena do not exhibited in ischemic animal
models. We believe that this is caused by the progression
of hematoma, which is accordance with the neurologic de-
terioration occurs within 24 to 48 h after onset of ICH in
human [24]. These pathological changes caused by ICH
can be significantly improved by NSP local administration,
regardless of the fact that the efficacy is limited and can-
not reach a normal level (ICH + NSP group vs. sham48h
group, Fig. 3). In this context, our results of NSP expres-
sion affected by the experimental ICH procedure can be
easily understood. Because NSP showed a neuroprotective
effect in ICH brains, the expression and distribution of
NSP may be considered as a compensatory response after
the ICH procedure (Fig. 2), which is analogous to what
happens in ischemic brains [25], namely both hemorrhagic

Fig. 3 NSP local administration showed neuroprotective effect for ICH.
Sham48h group: black column; ICH group: open column; ICH + NSP
group: gray column. *, P < 0.05. a. NSP local administration significantly
reduced the neurological deficit rating scores (ICH vs. ICH + NSP), but
never reaching a normal level. b. NSP local administration significantly
reduced the water content in the ICH brains. (ICH vs. ICH + NSP). c.
NSP local administration significantly reduced EB leakage in the ICH
brains (ICH vs. ICH + NSP)

Fig. 4 Morphological assays for occludin-expressing cells by
IHC + Hoechst. In the sham48h group, occludin-expressing cells
(bright green spots) distributed regularly, surrounding the capillaries
(the distribution pattern is shown with a solid red ring), whereas in
the ICH group, we could not find this pattern; the distribution of
occludin-expressing cells became irregular. No occludin-expressing
cell was found surrounding the capillaries (dotted red ring). After
NSP administration (ICH48h + NSP), the occludin-expressing cells
redistributed surrounding the capillaries, and the distribution pattern
was observed again (solid red ring)
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models in the present study and the ischemic models in the
previous study [25] exhibit the peak NSP expression at 48 h
after onset. Therefore, the upregulation of NSP expression
after ICH may be an indirect evidence of the neuroprotec-
tive effect of NSP. There is no data regarding the half-life of
NSP after being administrated to the animal. However, a
previous study observed the changes 6 h after NSP adminis-
tration in rat model of ischemic stroke [14], which indicated
the long half-life of NSP, and our results were reliable.
Once the neuroprotection of NSP was verified, we

supposed that NSP may play a role in protection of the
BBB integrity, because the BBB permeability can be re-
duced by NSP administration. We therefore investigated
the BBB integrity by observing the occludin-expressing
cells. Occludin is a TJ integral membrane protein
expressed at the cell - cell junctions of epithelial and
endothelial cells [12]. The BBB comprises specialized
cerebral microvascular endothelial cells connected by
TJs to form an impermeable monolayer devoid of trans-
cellular pores [13]. Occludin is indispensable for main-
taining the barrier integrity in various endothelial cell
models. It is reported that the quality of the endothelial
barrier is directly correlated with the level of occludin
expression [14]. Downregulation of occludin is directly
linked to elevated endothelial permeability [15]. Another
report suggested that not only the structure but also the
localization of occludin is crucial to preserve the func-
tion of BBB to restrict permeability to solutes in the

systemic circulation. Any alterations in the localization
and structure of occludin may damage the BBB [16]. We
found that experimental ICH procedure changes the dis-
tribution pattern of occludin-expressing cells, which can
be re-established by the following NSP local administra-
tion. The occludin-expressing cells normally surround
the capillaries, and the BBB also works normally. Then
the distribution of occludin-expressing cells was dam-
aged by the ICH procedure, indicated the integrality of
blood vessel endothelium were damaged, while the sim-
ultaneous experiments showed the enhancement of BBB
permeability, edema, and motor deficits. However, after
treatment by NSP administration, occludin-expressing cells
were observed surrounding the capillaries (Fig. 4), indicat-
ing that the BBB was partly repaired and/or protected.
Meanwhile, we also achieved reduced BBB permeability
and palliative edema and improved behavioral performance.
NSP may be efficient to protect vascular endothelial cells,
allowing occludin-expressing cells to redistribute surround-
ing the vascular wall. In the present study, we have only de-
scribed this phenomenon. We will further investigate the
changes in more details, including the changes of vascular
endothelial cells and other TJs in our future study.
Taken together, we speculated the potential mechanisms

of neuroprotective effect of NSP on non-tPA-induced
ICH in Fig. 5 based on the findings of the present study.
NSP may play a role in repairing the blood vessel endothe-
lium (or by angiogenesis), which results in improving the

Fig. 5 The potential mechanism of neuroprotective effect of NSP in non-tPA-induced ICH
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BBB integrity, and then relieving edema, and finally im-
prove the behavioral performance. Meanwhile, the high
NSP expression induced by ICH processes provides indirect
evidence for the neuroprotection of NSP. Furthermore, the
present study does not use a tPA-induced ICH model; we
still do not know the role of endogenous tPA in an acute
ICH state. Because endogenous tPA is regulated by its en-
dogenous inhibitor, NSP [13], compensatory upregulation
of NSP suggests that the endogenous tPA plays a role in
the neurotoxic effects of ICH, regardless of a previous study
reporting that the role of endogenous tPA appears to be
limited to the early phase of edema formation [26]. Conse-
quentially, the present study could not determine whether
the neuroprotective effect of NSP is related to tPA or not.
Our future experiment will use a tPA knockout mouse ICH
model to investigate if the neuroprotective effect of NSP is
related to the endogenous tPA, which is important to
achieve a better understanding of the roles of endogenous
tPA in an acute ICH state.
Although this study provides evidence for the neuro-

protection of NSP on non-tPA –induced ICH in rodent
models, the roles of NSP in management of hemorrhagic
stroke in humans, namely the clinical values of NSP are
still unknown. Our recent study in patients with ischemic
stroke proved the neuroprotective effects of NSP, and we
concluded that Serum NSP level can be considered as po-
tential predictive factors for outcome of acute ischemic
stroke [9]. We speculated that NSP also exhibits neuro-
protective effects in patients with hemorrhagic stroke.
Therefore, whether administration of NSP can improve
the neurological deficits in ICH patients; whether serum
can be a predict factor for outcomes of ICH? Such ques-
tions should be verified in our future investigations.

Conclusions
As a conclusion, we verified the neuroprotective effect of
NSP in non-tPA-induced ICH brains. NSP can be consid-
ered as a potential adjuvant therapy, which reduces brain
edema through attenuating the permeability of the BBB
possibly by protecting and/or repairing the injured blood
vessel endothelium in the ICH state.

Additional files

Additional file 1: Figure S1. Neurological deficit rating scales in the sham
models in different time points. We did not find any significant difference
among the Sham24h, Sham48h and Sham72h groups. (TIFF 102 kb)

Additional file 2: Figure S2. Morphological assays results of
NSP + expressing cells. A. NSP-expressing cells in the sham groups of
different time points. B. We did not find any significant difference of the
NSP-expressing cells among the Sham24h, Sham48h and Sham72h
groups. C. We found that NSP-expressing cells were upregulated in the
tissues surrounding the hematoma (green areas). NSP-expressing cells
were prominent near the superficial areas of the hematoma. Arrow shows
a typical NSP-expressing cell; white line shows the range of the
hematoma; * shows the area of the hematoma. (TIFF 1671 kb)

Abbreviations
BBB: blood brain barrier; CI: cerebral ischemia; EB: Evens Blue; FPT: forelimb
placing test; HRP: horseradish peroxidase; ICH: intracerebral hemorrhage;
NSP: neuroserpin; PMSF: phenylmethylsulfonyl fluoride; PRT: postural reflex
test; TJ: tight junction; tPA: tissue plasminogen activator

Acknowledgements
The authors would like to thank Enago (www.enago.jp) for the English
language review.

Funding
LW was supported by a grant from the Science and Technology Commission of
Shanghai Municipality (No. 13441902600) and Clinical Medical Research Grant
of Chinese medical Association (No. 09010180173). TA was supported by grants
from the Japanese Society for the Promotion of Science (Grant-in-Aid for Young
Scientists, Type B, No. 20791025 and Grant-in-Aid for Scientific Research C,
General, No. 24592157 and 15 k10358).

Availability of data and materials
The datasets generated and analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
LW got the original idea; WL, TA and LW designed the study. WL, TA, SH, BX,
HN, CL, QD and LW performed the experiments and collected the data. WL,
TA, and LW ran the statistics. WL, TA wrote the draft. WL, TA, SH, BX, HN, CL,
QD and LW had read and approved the final manuscript.

Authors’ information
Not applicable.

Ethics approval and consent to participate
All animals were treated according to the National Institute of Health Guidelines
for the Care and Use of Laboratory Animals. All experimental procedures were
approved by the Animal Care and Use Committee of the Fudan University
(authorization No: 0556262).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Neurology, Huashan Hospital, Fudan University, 12
Wulumuqi Zhong Road, Shanghai 200040, People’s Republic of China.
2Institute of Neurology, Huashan Hospital, Fudan University, Shanghai, China.
3Huashan Worldwide Medical Center, Huashan Hospital, Fudan University,
Shanghai, China. 4Department of Neurosurgery, Hamamatsu University,
School of Medicine, Handayama, 1-20-1, Higashi-ku, Hamamatsu-city,
Shizuoka 431-3192, Japan.

Received: 6 July 2017 Accepted: 29 October 2017

References
1. Gelderblom M, Neumann M, Ludewig P, Bernreuther C, Krasemann S,

Arunachalam P, Gerloff C, Glatzel M, Magnus T. Deficiency in serine protease
inhibitor neuroserpin exacerbates ischemic brain injury by increased
postischemic inflammation. PLoS One. 2013;8(5):e63118.

2. Liang W, Chuan-Zhen L, Qiang D, Jian Q, Hui-Min R, Bao-Guo X. Reductions
in mRNA of the neuroprotective agent, neuroserpin, after cerebral ischemia/
reperfusion in diabetic rats. Brain Res. 2004;1015(1–2):175–80.

3. Ma J, Yu D, Tong Y, Mao M. Effect of neuroserpin in a neonatal hypoxic-
ischemic injury model ex vivo. Biol Res. 2012;45(4):357–62.

4. Rodriguez-Gonzalez R, Millan M, Sobrino T, Miranda E, Brea D, de la Ossa NP,
Blanco M, Perez J, Dorado L, Castellanos M, et al. The natural tissue

Li et al. BMC Neurology  (2017) 17:196 Page 8 of 9

dx.doi.org/10.1186/s12883-017-0976-1
dx.doi.org/10.1186/s12883-017-0976-1
http://www.enago.jp


plasminogen activator inhibitor neuroserpin and acute ischaemic stroke
outcome. Thromb Haemost. 2011;105(3):421–9.

5. Lebeurrier N, Liot G, Lopez-Atalaya JP, Orset C, Fernandez-Monreal M,
Sonderegger P, Ali C, Vivien D. The brain-specific tissue-type plasminogen
activator inhibitor, neuroserpin, protects neurons against excitotoxicity both
in vitro and in vivo. Mol Cell Neurosci. 2005;30(4):552–8.

6. Rodriguez-Gonzalez R, Agulla J, Perez-Mato M, Sobrino T, Castillo J.
Neuroprotective effect of neuroserpin in rat primary cortical cultures
after oxygen and glucose deprivation and tPA. Neurochem Int. 2011;
58(3):337–43.

7. Wang L, Zhang Y, Asakawa T, Li W, Han S, Li Q, Xiao B, Namba H, Lu C, Dong
Q. Neuroprotective effect of Neuroserpin in oxygen-glucose deprivation-and
Reoxygenation-treated rat astrocytes in vitro. PLoS One. 2015;10(4)

8. Yang X, Asakawa T, Han S, Liu L, Li W, Wu W, Luo Y, Cao W, Cheng X, Xiao B,
et al. Neuroserpin protects rat neurons and microglia-mediated inflammatory
response against oxygen-glucose deprivation- and Reoxygenation treatments
in an in vitro study. Cell Physiol Biochem. 2016;38(4):1472–82.

9. Wu W, Asakawa T, Yang Q, Zhao J, Lu L, Luo Y, Gong P, Han S, Li W, Namba
H. Effects of neuroserpin on clinical outcomes and inflammatory markers in
Chinese patients with acute ischemic stroke. Neurol Res. 2017:1–7.

10. Naranjo D, Arkuszewski M, Rudzinski W, Melhem ER, Krejza J. Brain ischemia
in patients with intracranial hemorrhage: pathophysiological reasoning for
aggressive diagnostic management. Neuroradiol J. 2013;26(6):610–28.

11. Jin X, Liu J, Liu W. Early ischemic blood brain barrier damage: a potential
indicator for hemorrhagic transformation following tissue plasminogen
activator (tPA) thrombolysis? Curr Neurovasc Res. 2014;

12. Marinkovic I, Mattila OS, Strbian D, Meretoja A, Shekhar S, Saksi J, Abo-
Ramadan U, Rantanen V, Lindsberg PJ, Tatlisumak T. Evolution of
intracerebral hemorrhage after intravenous tPA: reversal of harmful effects
with mast cell stabilization. J Cereb Blood Flow Metab. 2013;

13. Adibhatla RM, Hatcher JF. Tissue plasminogen activator (tPA) and matrix
metalloproteinases in the pathogenesis of stroke: therapeutic strategies.
CNS & neurological disorders drug targets. 2008;7(3):243–53.

14. Zhang Z, Zhang L, Yepes M, Jiang Q, Li Q, Arniego P, Coleman TA,
Lawrence DA, Chopp M. Adjuvant treatment with neuroserpin increases the
therapeutic window for tissue-type plasminogen activator administration in
a rat model of embolic stroke. Circulation. 2002;106(6):740–5.

15. Rynkowski MA, Kim GH, Komotar RJ, Otten ML, Ducruet AF, Zacharia BE, Kellner
CP, Hahn DK, Merkow MB, Garrett MC. A mouse model of intracerebral
hemorrhage using autologous blood infusion. Nat Protoc. 2008;3(1):122–8.

16. Belayev L, Saul I, Curbelo K, Busto R, Belayev A, Zhang Y, Riyamongkol P,
Zhao W, Ginsberg MD. Experimental intracerebral hemorrhage in the mouse
histological, behavioral, and hemodynamic characterization of a double-
injection model. Stroke. 2003;34(9):2221–7.

17. De Ryck M, Van Reempts J, Borgers M, Wauquier A, Janssen P.
Photochemical stroke model: flunarizine prevents sensorimotor deficits after
neocortical infarcts in rats. Stroke. 1989;20(10):1383–90.

18. Asakawa T, Fang H, Sugiyama K, Nozaki T, Hong Z, Yang Y, Hua F, Ding G,
Chao D, Fenoy AJ. Animal behavioral assessments in current research of
Parkinson’s disease. Neurosci Biobehav Rev. 2016;65:63–94.

19. Asakawa T, Fang H, Sugiyama K, Nozaki T, Kobayashi S, Hong Z, Suzuki K,
Mori N, Yang Y, Hua F. Human behavioral assessments in current research
of Parkinson’s disease. Neurosci Biobehav Rev. 2016;68:741–72.

20. Fang X, Sugiyama K, Akamine S, Namba H. The stepping test and its
learning process in different degrees of unilateral striatal lesions by 6-
hydroxydopamine in rats. Neurosci Res. 2006;55(4):403–9.

21. Zhang A, Zhang J, Sun P, Yao C, Su C, Sui T, Huang H, Cao X, Ge Y.
EIF2alpha and caspase-12 activation are involved in oxygen-glucose-serum
deprivation/restoration-induced apoptosis of spinal cord astrocytes.
Neurosci Lett. 2010;478(1):32–6.

22. Keep RF, Zhou N, Xiang J, Andjelkovic AV, Hua Y, Xi G. Vascular disruption
and blood–brain barrier dysfunction in intracerebral hemorrhage. Fluids and
Barriers of the CNS. 2014;11(1):18.

23. Yang G-Y, Betz AL, Chenevert TL, Brunberg JA, Hoff JT. Experimental
intracerebral hemorrhage: relationship between brain edema, blood flow,
and blood-brain barrier permeability in rats. J Neurosurg. 1994;81(1):93–102.

24. Mayer SA, Sacco RL, Shi T, Mohr J. Neurologic deterioration in noncomatose
patients with supratentorial intracerebral hemorrhage. Neurology. 1994;
44(8):1379–1379.

25. Yepes M, Sandkvist M, Wong MK, Coleman TA, Smith E, Cohan SL, Lawrence
DA. Neuroserpin reduces cerebral infarct volume and protects neurons from
ischemia-induced apoptosis. Blood. 2000;96(2):569–76.

26. Thiex R, Mayfrank L, Rohde V, Gilsbach JM, Tsirka S-AE. the role of
endogenous versus exogenous tPA on edema formation in murine ICH. Exp
Neurol. 2004;189(1):25–32.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Li et al. BMC Neurology  (2017) 17:196 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Establishment and verification of the ICH model
	Detection of NSP expression in ICH brains by IHC + Hoechst double staining and western blotting analysis
	Verifying the neuroprotective effects of NSP with measurements of the behavioral performance, brain water content and the BBB permeability
	IHC and Hoechst double staining for the occludin-expressing cells
	Statistical analysis

	Results
	Verification of the ICH model
	NSP expression in ICH brains
	Verifying the neuroprotective effects of NSP by local administration
	Changes of the distribution pattern of occludin-expressing cells related to NSP local administration

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

