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It is well documented that the Blood-Brain barrier (BBB) can be damaged by matrix metalloproteases (MMPs)
after intracerebral hemorrhage (ICH), but little is known about the mechanism of this effect.

We established an ICH model in rats by injecting collagenase VIl into the striatum. Afterwards, intraperitoneal
injection of these rats with 40 mg/kg GM6001 (a MMPs inhibitor). The effects of GM6001 on ICH were investi-
gated by neurological severity score, brain water content, Evans blue staining, hematoxylin-eosin staining, im-
munohistochemical staining, and Western blot assays.

We demonstrated that the neurological damage caused by ICH was relieved at 5 and 7 days following ad-
ministration of GM6001. The impaired BBB induced by ICH was improved in response to GM6001 treatment
at around 3 days, as evidenced by alleviated cerebral edema, decreased Evans blue extravasation, and a re-
duction in inflammatory cellular infiltration. Mechanism analysis revealed that ICH induced the generation of
B-dystroglycan cleavage, which could be suppressed by GM6001 treatment. Furthermore, we found that re-
combinant MMP2 and MMP9 triggered the cleavage of B-dystroglycan in vitro, and this action could be inhib-
ited by GM6001 administration.

Taken together, our results suggest that MMPs-mediated cleavage on B-dystroglycan may play an important
role in BBB after ICH.
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Background

Intracerebral hemorrhage (ICH) accounts for about 15% of
all strokes, with 1-month mortality rates of 50% in patients
after ICH [1]. Previous studies have demonstrated that the
Blood-Brain barrier (BBB) integrity was disrupted in brain dam-
age after ICH, leading to neurological deficits, inflammatory
responses, and cerebral edema [2,3]. The BBB consists of en-
dothelial cells (ECs), pericytes, astrocytes, neurons, and the ex-
tracellular matrix (ECM) [4]. The interaction between receptors
on ECs/astrocytes and ligands on ECM elicits diverse molecu-
lar signals that probably regulate BBB functions [5].

Dystroglycan (DG), one of the main ECM receptors, consists of
a highly glycosylated extracellular alpha subunit (a-DG) and
a transmembrane beta subunit (B-DG) [6]. Previous studies
have demonstrated that DG plays a critical role in a variety
of pathophysiological processes, such as cancers, muscle dis-
eases, and embryonic development [7-10]. Hawkins et al. sug-
gested DG may play a vital role in BBB integrity and aggravate
brain edema after oxygen/glucose deprivation (OGD) [11]. B-DG
was found to be degraded by matrix metalloproteases (MMPs),
a family of zinc endopeptidases, which can disrupt the link be-
tween the ECM and cell membrane [12,13]. Moreover, previous
reports have shown that the BBB can be damaged by MMPs
after ICH [14,15]. However, the mechanisms of MMPs during
BBB breakdown after ICH are not entirely clear.

In the present study, the ICH model was induced in rats by in-
jection of collagenase VIl into the striatum. Then, the effect
of GM6001 (@ MMPs inhibitor) on neurological damage, the
BBB, and the expression of B-DG in these rats was determined.

Material and Methods

Animals

Male Wistar rats, weighing 250 to 300 g, were obtained from
the Animal Center of Harbin Medical University (Harbin, China).
The animals were raised a room maintained at 22+1°C with
12-h light/dark cycles, and food and water were available ad
libitum. This study was approved by the Institutional Animal
Care and Use Committee of Harbin Medical University and per-
formed according to the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals.

ICH model establishment and treatment

The rat ICH model was established based on the previous lit-
erature [16]. In brief, rats were anesthetized with pentobar-
bital sodium by intraperitoneal injection, and fixed in a brain
stereotactic apparatus (Jiangwan, Shanghai, China). ICH was
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induced by stereotaxic injection of 0.5 U collagenase VII (di-
luted in 1.0 pl saline; Sigma-Aldrich, Milwaukee, WI, USA) into
the striatum (location: 0.2 mm anterior, 3.0 mm right lateral,
and 6 mm ventral to the bregma). Sham-operated rats were
injected with 1.0 pl saline. Then, the burr hole was sealed with
bone wax and the wound was sutured.

A total of 405 rats were randomly assigned to 3 groups: Sham
(n=139), ICH group (133), and ICH + GM6001 group (133). After
establishment of the ICH model, rats in the ICH + GM6001
group received MMPs blocker GM6001 (Chemicon International,
Temecula, CA, USA) by intraperitoneal injection per day after
ICH. GM6001 was dissolved in 0.2% DMSO and administered
at the dose of 40 mg/kg body weight.

Behavioral testing

Neurocognitive function was evaluated using the neurological
severity score (NSS) [17], including motor, sensory, reflex, and
balance tests, with a total score of 18 points (normal score, 0;
maximal deficit score, 18), with higher scores indicating more
severe injury. The NSS test was performed in rats (n=7/group)
atdays 1, 2, 3, 5, and 7 after the operation by an investigator
who was blinded to the experimental groups.

Brain water content

Brain water content was evaluated in rats (n=7/group) at
days 1, 2, 3, 5, and 7 after the operation. Briefly, the brains
isolated from rats were divided into the ipsilateral and con-
tralateral hemispheres, and the pons and olfactory bulb were
removed. The ipsilateral hemisphere tissue was weighed to
obtain wet weight (ww) and then baked at 100°C for 24 h to
obtain dry weight (dw). The water content was calculated as:
(ww—dw)/wwx 100.

BBB permeability to Evans blue

BBB integrity was measured in rats (n=7/group) at days 1, 2,
3, 5, and 7 after the operation using Evans blue dye (Sigma-
Aldrich) as described previously [18]. Briefly, Evans blue dye
solution (2% in saline, 4 ml/kg) was intravenously infused over
1 min and allowed to circulate for 2 h prior to sacrifice. Then, the
rats were anesthetized and transcardially perfused with 250 ml
saline until colorless perfusion fluid was obtained. Thereafter,
the brains were weighed after removing the olfactory bulbs and
cerebellum, and placed in formamide (1 ml/100 mg; Sigma-
Aldrich) for 48 h at 37°C. The absorbance of the supernatant
solution was measured by a spectrophotometer at 620 nm
(Thermo Fisher Scientific, Waltham, MA, USA). The tissue con-
tent of Evans blue was quantified from an Evans blue standard
curve and normalized to tissue weight (ug/g).
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Hematoxylin-eosin (HE) staining

HE staining was employed to detect the infiltrated inflamma-
tory cells in brain tissues of rats (n=7/group). In brief, brain
tissues were collected and prepared as 5-pm-thick paraffin-
embedded sections. After dewaxing in xylene and rehydrating
in a series of graded alcohols, the sections were dyed with he-
matoxylin (Solarbio, Beijing, China) for 5 min, differentiated
using 1% hydrochloric acid alcohol solution for 3 s, and stained
with eosin (Sangon, Shanghai, China) for 3 min. Then, the sec-
tions were dehydrated and mounted with neutral balsam. The
images were captured using an optical microscope (Olympus,
Tokyo, Japan).

Immunohistochemical staining (IHC)

The expression levels of myeloperoxidase (MPO) and ionized
calcium-binding adaptor molecule 1 (IBA-1) in brain tissues
were determined by IHC. Briefly, paraffin-embedded sections
were deparaffinized, rehydrated, and subjected to antigen re-
trieval. Endogenous peroxidase was eliminated with 3% H,0,
for 15 min. Then, sections were blocked with goat serum for
15 min and incubated with primary antibodies against MPO
(1: 200; Boster, Wuhan, China) and IBA-1 (1: 2000; Abcam,
Cambridge, MA, UK) overnight at 4°C. After incubation with
second antibody and HRP-conjugated avidin, the protein was
visualized using DAB with hematoxylin counterstain. The
stained sections were analyzed under a microscope (Olympus).

Hippocampal extracts and treatment

The hippocampi isolated from sham-operated rats (n=6)
were homogenized in homogenization buffer according to
previous research [19]. After centrifugation, the supernatant
was collected and the protein concentration was determined
by use of a BCA protein quantitative kit (Beyotime Institute of
Biotechnology, Haimen, China). Then, the 100-ug sample was
mixed with 100 ng of recombinant MMP2, or 100 ng of recom-
binant MMP9, or both, or with 100 ng of recombinant MMP2 +
0.5 nM GM6001, or with 100 ng of recombinant MMP9 + 0.2 nM
GM6001, for 1 h at 37°C. Thereafter, Western blot analysis was
used to evaluate the expression of B-DG.

Western blot analysis

Proteins were extracted from perihematomal tissues of rats by
use of RIPA lysis buffer (Beyotime Institute of Biotechnology)
after surgery at 3 day (n=7 each). The protein concentration
was measured by the BCA method. The samples were sepa-
rated by 10% SDS-PAGE, transferred to polyvinylidene fluo-
ride membranes (Millipore, Billerica, MA, USA) and blocked in
5% nonfat milk in tris-buffered saline containing 0.1% tween
20 for 2 h. The membranes were incubated with the primary
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antibodies against B-DG (1: 500; Proteintech, Wuhan, China)
and B-tubulin (1: 500; Proteintech) at 4°C overnight, followed
by incubation with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody for 45 min at 37°C. The im-
munoblots were visualized with an enhanced chemilumines-
cence (ECL) detection kit (Beyotime Institute of Biotechnology).
Images were semiquantitatively analyzed using Image J 4.0
(Media Cybernetics, Silver Spring, MD, USA). The intensity of
the bands was normalized to B-tubulin.

Statistical analysis

The difference between 2 independent groups was analyzed
with Mann-Whitney U test or the t test. Data are expressed as
the mean + standard deviation (SD). All calculations were per-
formed using GraphPad Prism 7.0 software (GraphPad, La Jolla,
CA, USA), and P<0.05 was considered statistically significant.

Results

Inhibition of MMPs alleviated neurological deficits of rats
with ICH

We first established a model of ICH in rats, and then studied
the effect of GM6001 on neurological damage through the
NSS test. As shown in Figure 1, ICH led to significant func-
tional deficits in rats, which was relieved by GM6001 treat-
ment at 5 and 7 days.

Inhibition of MMPs restrained cerebral edema, Evans blue
extravasation, and inflammatory cellular infiltration in
rats with ICH

Subsequently, we explored the effects of GM6001 on BBB in
rats with ICH. As shown in Figure 2A, administration of GM6001
alleviated the cerebral edema in the ipsilateral brain caused
by ICH at 3 and 5 days. The BBB permeability to Evans blue
was significantly enhanced after ICH, and was inhibited by
GM6001 treatment at day 3 (Figure 2B). The inflammatory cel-
lular infiltration caused by ICH was clearly inhibited at 3 and
5 days following GM6001 administration through HE staining
(Figure 3A). Moreover, the results of IHC showed that the ex-
pression levels of MPO and IBA-1, the marker of neutrophils
and microglia, respectively, were significantly increased in the
ICH model at around days 3 and 5, and were inhibited after
GM6001 treatment (Figure 3B, 3C).

Inhibition of MMPs restrained the generation of 3-DG
cleavage

Considering the close relationship between MMPs and 3-DG, we
investigated the effect of GM6001 on the expression of 3-DG
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Figure 1. The neurological state of each group
of rats at days 1, 2, 3, 5, and 7 was
evaluated by NSS test. Data shown as
mean +SD (n=7/group). * Compared

* to Sham, P<0.0001; #* compared to ICH

# group, P<0.0001.
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Figure 2. (A) The brain water content and
(B) BBB permeability to Evans blue of
each group of rats at days 1, 2, 3, 5,
* and 7 were determined. Data shown
as mean +SD (n=7/group). * Compared
to Sham, P<0.05; # compared to ICH
group, P<0.05.

7 day

at 3 day in rats after ICH. As shown in Figure 4, Western blot
assay revealed that the cleavage of B-dystroglycan at 31 kD
was increased in rats subjected to ICH, and was inhibited fol-
lowing GM6001 treatment.

The regulation of B-dystroglycan cleavage by MMPs was fur-
ther confirmed in vitro. As shown in Figure 5, we demonstrated
that when the brain protein extracted from sham rats (n=6)
was incubated with recombinant protein MMP2, MMP9, or
both, the cleavage of B-dystroglycan at 31 kD was increased,
and this action was inhibited by treatment with GM6001, in-
dicating that MMPs mediated the cleavage of B-dystroglycan.

Discussion

In this study, we demonstrated that the integrity of the BBB
was destroyed, presenting nerve dysfunction, brain edema,
increased BBB permeability, and inflammatory cellular infil-
tration after ICH in rats, and the MMPs inhibitor alleviated
these damages. All our results were in line with previous re-
ports [20,21]. More importantly, we found that the MMPs was
involved in the abnormal generation of B-DG cleavage in ICH.

The BBB plays an important role in maintaining homeostasis
of the central nervous system [22]. It has been reported that
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Figure 3. (A) Brain tissue inflammatory cell infiltration was examined by HE staining (100x). The expression levels of (B) MPO and

(C) IBA-1 were determined by IHC (400x).

the BBB was disrupted after ICH both in human and in animal
models [2,23,24]. MMPs are an important group of proteolytic
enzymes that are capable of degrading the basement mem-
brane and certain cell membrane proteins. The role of MMPs
in hemorrhagic stroke appears to be critical for hematoma
and brain edema, which are understood as secondary brain
injuries and can have a considerable clinical impact [25,26].

Experimental models and clinical studies provided increasing
evidence that inflammatory reactions are early triggered by
hematoma components, enhance the damage within the hem-
orrhagic brain, and influence the prognosis. The inflammatory
response begins immediately after the ICH onset. Hematoma
components initiate inflammatory signaling via activation of
microglia, which subsequently favors peripheral inflammatory

This work is licensed under Creative Common Attribution-
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infiltration. Neutrophils are the earliest leukocytes recruited
from peripheral blood into the brain; they are found in and
around the hematoma as early as 4 h after collagenase-induced
ICH, and peak at 2 to 3 days. The neutrophil-induced neurotox-
icity is related to a multitude of pathways, including the upreg-
ulation of MMPs [27,28]. Clinically, these events are reflected
by the early rise of peripheral neutrophils, which has been
demonstrated to reliably predict stroke outcome, risk of early
neurological deterioration, and functional recovery [29-31]. In
the present study we demonstrated that microglia and neutro-
phils were significantly increased in the ICH model and were
inhibited by GM6001 treatment.

The close combination of DG and ECM is probably required
to maintain normal structure and function of the BBB [32].
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Figure 4. The expression of B-DG was examined

342y through Western blot analysis in

43KD “ B-DG,, different groups of rats at day
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31kD B— B-DG,, densitometric analysis and normalized
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Figure 5. The level of B-DG was assessed by Western blot analysis in different groups. The bands were quantified by densitometric
analysis and normalized to B-tubulin expression. Data shown as mean +SD (n=6/group). * Compared to Sham, P<0.01;
# compared to Sham + MMP2 group, P<0.01; #2 compared to Sham + MMP9 group, P<0.01.

The expression of DG is closely related to the polarity of aqua-
porin-4, which is a water channel protein contributing to brain
water homeostasis [33,34]. Moreover, under various patholog-
ical conditions, such as sarcoglycan-deficient skeletal muscle
and acute cerebral ischemia [35,36], B-DG is abnormally cleaved,
and this kind of anomalous expression is always associated
with MMPs. Based on the above findings, we further studied
the effect of MMP inhibitor (GM6001) on B-DG expression in
rats with ICH. Our results showed that GM6001 administration
decreased the expression of B-DG cleavage at 31 kD caused by
ICH. Moreover, recombinant MMP2 and MMP9 triggered the
generation of B-DG cleavage in vitro, which was inhibited by

GM6001 treatment, confirming the regulation of B-DG cleav-
age by MMPs in a rat ICH model.

Conclusions

Here, we showed that (i) MMPs was involved in BBB disrup-
tion after ICH, and (ii) MMPs was involved in -DG abnormal
splitting after ICH, which might be a cause of BBB disruption
and aggravated cerebral injury.
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