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Hypoxia Response Element-Regulated MMP-9
Promotes Neurological Recovery via Glial Scar
Degradation and Angiogenesis in Delayed Stroke
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Matrix metalloproteinase 9 (MMP-9) plays a beneficial role
in the delayed phase of middle cerebral artery occlusion
(MCAO). However, the mechanism is obscure. Here, we con-
structed hypoxia response element (HRE)-regulated MMP-9
to explore its effect on glial scars and neurogenesis in delayed
ischemic stroke. Adult male Institute of Cancer Research
(ICR) mice underwent MCAO and received a stereotactic injec-
tion of lentivirus carrying HRE-MMP-9 or normal saline (NS)/
lentivirus-GFP 7 days after ischemia. We found that HRE-
MMP-9 improved neurological outcomes, reduced ischemia-
induced brain atrophy, and degraded glial scars (p < 0.05).
Furthermore, HRE-MMP-9 increased the number of microves-
sels in the peri-infarct area (p < 0.001), which may have been
due to the accumulation of endogenous endothelial progenitor
cells (EPCs) in the peri-infarct area after glial scar degradation.
Finally, HRE-MMP-9 increased the number of bromodeoxyur-
idine-positive (BrdU+)/NeuN+ cells and the expression of PSD-
95 in the peri-infarct area (p < 0.01). These changes could be
blocked by vascular endothelial growth factor receptor 2
(VEGFR2) inhibitor SU5416 and MMP-9 inhibitor 2-[[(4-phe-
noxyphenyl)sulfonyl]methyl]-thiirane (SB-3CT). Our results
provided a novel mechanism by which glial scar degradation
and vascular endothelial growth factor (VEGF)/VEGFR2-
dependent angiogenesis may be key procedures for neurolog-
ical recovery in delayed ischemic stroke after HRE-MMP-9
treatment. Therefore, HRE-MMP-9 overexpression in the de-
layed ischemic brain is a promising approach for neurological
recovery.
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INTRODUCTION
Ischemic stroke is a major cause of death and disability worldwide, but
its treatment is very limited. Thrombolytic therapy and intravascular
surgery are both effective treatments to restore blood flow in acute
ischemic stroke. However, few treatments are effective in the delayed
phase. Neuro-rehabilitation is one significant treatment for stroke sur-
vivors with neurological deficits that effectively promotes neurological
functional recovery.1 In addition to rehabilitation treatment, gene ther-
apy has gradually become an attractive approach in delayed ischemia.
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Targeted genes were delivered to the ischemic area, which promoted
focal angiogenesis, neurogenesis, and finally improved ischemic tissue
metabolism and functional recovery.2–4 Matrix metalloproteinase-9
(MMP-9) has been found to play dual roles after ischemia, with its
detrimental upregulation in the acute phase but beneficial elevation
in the delayed phase.5,6 Because excessive MMP-9 expression could
lead to brain edema and hemorrhagic transformation, approaches to
modulate the MMP-9 expression level in the delayed phase of stroke
may be attractive.7,8 Our previous study showed that the hypoxia-
inducible factor (HIF)-1a-hypoxia response element (HRE) system
could successfully controlMMP-9 expression, andHRE-MMP-9 over-
expression in the ischemic mouse brain promoted behavioral recov-
ery.9 However, the therapeutic mechanism is still unclear.

The glial scar, an important pathological characteristic during stroke
recovery, is mainly composed of activated astrocytes and extracellular
matrix (ECM) components. Activated astrocytes upregulate glial
fibrillary acidic protein (GFAP) expression, produce fine processes,
and exhibit hypertrophic morphology.10 In addition to the physical
barrier role of active astrocytes, aberrant ECM proteins at the lesion
site also inhibit reparative precursor cell migration during recov-
ery.11,12 Among them, chondroitin sulfate proteoglycan (CSPG) is
the major inhibitory protein in and around the scar.13,14 Because
the repair process is difficult in the tightly interwoven astrocytic
environment, scar degradation becomes particularly essential.10,13

MMP-9 plays a key role in ECM remodeling during brain injury
due to its capacity for proteolysis, which can degrade most ECM
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Figure 1. MMP-9 Overexpression Reduced Atrophy

Volume and Improved Neurobehavioral Outcomes

in the Delayed Phase of tMCAO Mice

(A) Diagram of experimental design. Virus inj., virus ste-

reotactic injection; SB, SB-3CT i.p. injection; SU, SU5416

i.p. injection. Animal-sacrificing time points were 3 or

5 weeks after tMCAO. (B) Photograph showing brain

sections in four groups with cresyl violet staining for

atrophy volume at 3 weeks after tMCAO; the dashed line

shows the original size of the ischemic brain side. (C) The

bar graph shows statistical data on the atrophy volume at

3 and 5 weeks after tMCAO, respectively. N = 8 mice per

group. (D) Atrophy volume of the whole brain in the NS-,

GFP-, MMP-9-, and SB-3CT-treated groups of mice.

(E) mNSS was performed separately to evaluate the out-

comes 1–5weeks after ischemia in the four groups (N = 16

mice per group from baseline to 3 weeks; eight mice per

group at 5 weeks). Data are mean ± SD. The M(IQR) of the

non-normal-distributed NS group in mNSS of 2W was 5.2

*p < 0.05, **p < 0.01, and ***p < 0.001. NS, normal saline;

GFP, Lenti-HRE-GFP; MMP-9, Lenti-HRE-MMP9; SB,

Lenti-HRE-MMP9 plus SB-3CT.
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molecules.6,15 Numerous studies have focused on neurogenesis and
axon regeneration after glial scar removal, but saving the neuron
alone might not be sufficient for neurological functional recovery af-
ter stroke.15,16 Another key component of neurovascular units, the
microvessel, has been attracting researchers’ attention regarding cere-
bral vascular disorders.6,17,18 We thus explored the role of MMP-9 in
angiogenesis after ECM degradation in delayed stroke.

We previously identified that HRE-MMP-9 expression did not aggra-
vate the blood-brain barrier (BBB) permeability in the post-ischemic
brain.9 In this study, we aimed to investigate the effect of MMP-9
overexpression on glial scar degradation and angiogenesis, which
contribute to subsequent neurogenesis, and we further explored the
molecular mechanisms involved in neurovascular remodeling in de-
layed stroke after HRE-MMP-9 treatment.

RESULTS
MMP-9 Reduced Atrophy Volume and Improved

Neurobehavioral Outcomes in the Delayed Phase of Transient

Middle Cerebral Artery Occlusion in Mice

To maximize the beneficial function of MMP-9, we stereotactically
injected HRE-MMP-9 into the peri-infarct area 7 days after transient
middle cerebral artery occlusion (tMCAO) (Figure 1A). To confirm
that theMMP-9 expression level wasmodulated by hypoxia after con-
structing the HRE-MMP-9 plasmid, zymography was used to
examine the SV40-HRE promoter-controlled MMP-9 activity be-
tween normal and tMCAO mice. We found that MMP-9 activity
was increased in the ischemic mouse brain (p < 0.01, Figure S1),
Mo
whereas MMP-2 activity was slightly elevated,
but without significance, and the mRNA level
of MMP-3 and MMP-13 showed no changes af-
ter MMP-9 treatment in ischemic mice. Our
published data already reported that MMP-9 overexpression did
not affect endogenous MMP-2 levels in the brain. We then examined
the atrophy volume and neurobehavioral outcomes after HRE-
MMP-9 transduction in tMCAO mice and found that atrophy vol-
umes were reduced (3 weeks [mm3]: 7.40 ± 1.04 in the MMP-9 group
versus 10.13 ± 1.77 in the normal saline (NS) group or 11.11 ± 1.37 in
the GFP group or 9.39 ± 0.98 in the SB group; 5 weeks [mm3]: 6.91 ±
1.58 in the MMP-9 group versus 11.87 ± 2.05 in the NS group or
10.91 ± 2.38 in the GFP group or 9.18 ± 1.08 in the SB group), and
the neurological outcomes on themodified neurological severity score
(mNSS) were enhanced inMMP-9-treated mice at 3 and 5 weeks after
tMCAO (3 weeks: 4.01 ± 0.88 in the MMP-9 group versus 5.44 ± 0.89
in the NS group or 5.67 ± 0.90 in the GFP group or 5.31 ± 0.96 in the
SB group; 5 weeks: 3.86 ± 0.69 in the MMP-9 group versus 4.75 ± 0.46
in the NS group or 4.71 ± 0.49 in the GFP group or 4.63 ± 0.92 in the
SB group) (p < 0.05, Figures 1B–1D). 2-[[(4-phenoxyphenyl)sulfonyl]
methyl]-thiirane (SB-3CT) blocked the role of MMP-9 in atrophy
volume and neurobehavioral outcomes. These results indicated that
MMP-9 could mitigate the pathologic features and play a protective
role in the delayed phase of tMCAO.

MMP-9DegradedGlial Scars andExtracellularMatrix In Vivo and

In Vitro

Because the glial scar is an obstacle for stroke recovery,10 we examined
the effect ofMMP-9 on glial scar degradation in the tMCAOmice.We
found that MMP-9 overexpression reduced scarring, as demonstrated
by less GFAP expression. Scar width and area per field were also
reduced (width [mm]: 87.29 ± 14.44 in the MMP-9 group versus
lecular Therapy Vol. 25 No 6 June 2017 1449
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Figure 2. MMP-9 Degraded the Glial Scar and

Extracellular Matrix in the Delayed Phase of

tMCAO Mice

(A) GFAP fluorescence staining for astrocytes was per-

formed in the NS-, GFP-, MMP-9-, and SB-3CT-treated

groups 5 weeks after tMCAO (left panel scale bar, 500 mm;

other four panels, 100 mm). p, peri-infarct; GS, glial scar;

C, ischemic core. (B) Bar graphs show the maximal scar

thickness per field (N = 6 mice per group). (C) Bar graphs

show the scar areas per field (N = 6 mice per group).

(D) Schematic diagram illustrates the glial scar (green area)

and represents the photographed region (red square).

(E) Photographs present GFAP (green) double stainedwith

CSPG, NG2, and Laminin (red) in four groups. Scale bar,

100 mm. (F) Quantifications of immunofluorescence in-

tensity for CSPG, NG2, and Laminin in the four groups

(fluorescence intensity in eachgroupwas normalized to the

NS group, N = 5 mice per group). (G–I) Western blots for

CSPG (G),NG2 (H), and Laminin (I) and their quantifications

in the four groups (corrected by actin as well as normalized

to the NS mean value, N = 3 mice per group). Data are

mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. NS,

normal saline; GFP, Lenti-HRE-GFP; MMP-9, Lenti-HRE-

MMP9; SB, Lenti-HRE-MMP9 plus SB-3CT. All green

GFAP was stained by Alex 647-conjugated secondary

antibodies followed by pseudo-color processing.
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197.50 ± 51.14 in the NS group or 221.90 ± 54.35 in the GFP group or
123.31 ± 46.87 in the SB group; area [mm2]: 0.03 ± 0.01 in theMMP-9
group versus 0.09 ± 0.02 in the NS group or 0.10 ± 0.01 in the GFP
group or 0.03 ± 0.01 in the SB group) (p < 0.05, Figures 2A–2C).
Because ECMproteins in and around the scar contributed to the scar’s
inhibitory environment, we performed immunostaining for GFAP/
CSPG, GFAP/neuron-glial antigen 2 (NG2), and GFAP/laminin (Fig-
ure 2D). The results showed that MMP-9 overexpression during de-
layed ischemia loosened the inhibitory matrix and was accompanied
by attenuated GFAP expression compared to the other groups of
mice (Figures 2E and 2F). These results were further confirmed by
western blot (CSPG: 0.14 ± 0.04 in the MMP-9 group versus 0.36 ±

0.12 in the NS group or 0.38 ± 0.04 in the GFP group or 0.40 ± 0.12
in the SB group; NG2: 0.13 ± 0.01 in the MMP-9 group versus
0.24 ± 0.04 in the NS group or 0.27 ± 0.02 in the GFP group or
0.31 ± 0.06 in the SB group; Laminin: 0.20 ± 0.04 in theMMP-9 group
versus 0.53 ± 0.16 in the NS group or 0.52 ± 0.12 in the GFP group or
0.65 ± 0.03 in the SB group; p < 0.05, Figures 2G–2I). To demonstrate
whether scar degradationwas directly due toMMP-9,we scratched the
1450 Molecular Therapy Vol. 25 No 6 June 2017
cultured confluent astrocytes and constructed a
scar model in vitro. We found that exogenous
MMP-9 protein could degrade the three consti-
tutes secreted by wound astrocytes (p < 0.001,
Figure S2).

MMP-9 Attenuated Astrocyte Activation

In Vivo

Astrocyte activation is the main feature of glial
scar formation.12,19 To examine the effect of
MMP-9 on astrocyte activation, two regions of the brain slice were
selected: one in the scar center and the other in the peri-scar area.
We found that MMP-9 reduced the volume of swollen astrocytes
in the central scar and reduced the length of the longest process
and the number of processes per astrocyte in the peri-scar area
(length [mm]: 19.94 ± 5.44 in the MMP-9 group versus 32.31 ±

9.91 in the NS group or 31.02 ± 7.51 in the GFP group or 34.03 ±

7.79 in the SB group; number: 15.58 ± 2.90 in the MMP-9 group
versus 29.33 ± 8.21 in the NS group or 28.0 ± 8.0 in the GFP group
or 27.44 ± 8.30 in the SB group) (p < 0.01, Figures 3A–3C). These re-
sults suggested that MMP-9 overexpression alleviated astrocyte
activation 5 weeks after tMCAO. Furthermore, Ki-67/GFAP immu-
nostaining was used to examine whether astrocyte proliferation
contributed to the glial scar, but no difference was found among
the four groups at 5 weeks after ischemia (3.50 ± 0.83 in the
MMP-9 group versus 3.83 ± 1.16 in the NS group or 4.0 ± 0.89 in
the GFP group or 3.16 ± 0.98 in the SB group) (p > 0.05, Figures
3D and 3E). We also found that the total numbers of Ki-67 and
doublecortin-positive cells were both increased in the MMP-9 group



Figure 3. MMP-9 Attenuated Astrocyte Activation

In Vivo

(A) Locations of central and peri-scar by GFAP (green)

immunostaining at 5 weeks after tMCAO. Scale bar,

100 mm. Magnified photographs of GFAP+ cell

morphology in the central and peri-scar of the four groups.

Scale bar, 10 mm. (B) Quantifications for the length of the

longest process per astrocyte (N = 6 mice per group).

(C) Quantifications for the number of processes per

astrocyte in the peri-scar region (N = 6 mice per group).

(D) Photographs show astrocyte proliferation in vivo

(Ki-67, red; GFAP, green; DAPI, blue); left panel scale bar,

50 mm; right panel, 10 mm. (E) Quantifications of astrocyte

proliferation per field in each group, N = 6 mice per group.

(F) Quantifications of Ki-67-positive cells and double-

cortin-positive cells per field in each group, N = 6 mice per

group. Data are mean ± SD. *p < 0.05, **p < 0.01, and

***p < 0.001. n.s., no significance; NS, normal saline; GFP,

Lenti-HRE-GFP; MMP-9, Lenti-HRE-MMP9; SB, Lenti-

HRE-MMP9 plus SB-3CT. All green GFAP was stained by

Alex 647-conjugated secondary antibodies followed by

pseudo-color processing.
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compared with the other groups (Ki-67: 20.83 ± 2.79 in the MMP-9
group versus 13.17 ± 2.32 in the NS group or 12.00 ± 2.79 in the GFP
group or 12.17 ± 2.04 in the SB group; doublecortin: 12.67 ± 5.51 in
the MMP-9 group versus 7.00 ± 2.00 in the NS group or 4.33 ± 1.15 in
the GFP group or 3.67 ± 1.53 in the SB group; p < 0.05, Figure 3F).

MMP-9 Inhibited Hypoxic Astrocyte Migration In Vitro

To examine whether MMP-9 affected astrocyte migration from other
regions to the scar area, we used the astrocyte-neuron co-culture sys-
tem to mimic the in vivo scar environment. Brain imaging of GFAP
staining showed that the virus-infected area (GFP+ area) was included
in the glial scar area (Figure 4A). On the basis of this result, the cell
culture protocol was illustrated in Figure 4B. Transduced mixed cells
were located in the lower layer, and untransduced pure astrocytes
were located in the upper layer. Anti-GFAP and anti-Tuj-1 were
used to identify astrocytes and mixed cells (Figure S3A). The CMV
vector was used as a positive control because it was not controlled
by hypoxia, and we detected GFP fluorescence in the CMV-MMP-9
group both before and after oxygen glucose deprivation (OGD).
We found that green fluorescence could not be detected before
OGD, but appeared after 12 hr of OGD in the HRE-MMP-9 group.
These data suggested that HRE-GFP expression was successfully
controlled by hypoxia in vitro (Figure S3B). After OGD treatment,
the number of astrocytes in the upper layer decreased in the
MMP-9 group compared to the other groups. To confirm the appro-
priate concentration of SB-3CT for MMP-9 inhibition in vitro, three
different concentrations were tested. We found that 10 mM SB-3CT
was sufficient to inhibit the effect of MMP-9 (9.66 ± 2.50 in the
MMP-9 group versus 28.33 ± 4.47 in the NS group [p = 0] or
29.33 ± 3.93 in the GFP group [p = 0] or 14.88 ± 2.75 in the 5 mM
[p = 0.177] or 27.88 ± 4.62 in the 10 mM [p = 0] or 28.44 ± 6.06 in
the 20 mM [p = 0] SB groups) (p < 0.001, Figures 4C and 4D).

MMP-9 Promoted Angiogenesis in the Peri-infarct Area after

tMCAO

MMP-9 is critical for tumor angiogenesis and has also been involved
in post-stroke vascular remodeling.20–23 To identify whether the de-
layed elevation of MMP-9 enhances angiogenesis in the ischemic
brain, we counted the number of microvessels stained with CD31
in NS-, GFP-, MMP-9-, and SB-3CT-treated groups at 3 and 5 weeks
after tMCAO. We found that the number of microvessels was signif-
icantly increased in the MMP-9 group compared to the other groups
(3 weeks: 67.44 ± 6.33 in the MMP-9 group versus 42.88 ± 5.40 in the
NS group or 39.11 ± 5.72 in the GFP group or 45.44 ± 4.91 in the SB
group; 5 weeks: 62.05 ± 6.88 in the MMP-9 group versus 45.5 ± 7.13
in the NS group or 41.0 ± 7.03 in the GFP group or 49.44 ± 6.91 in the
SB group) (p < 0.001, Figures 5A and 5B). Bromodeoxyuridine
(BrdU)/lectin double-positive newborn vessels also increased after
MMP-9 treatment in the delayed phase of ischemic stroke (3 weeks:
8.22 ± 2.62 in the MMP-9 group versus 2.16 ± 1.29 in the NS group
or 1.88 ± 1.23 in the GFP group or 3.11 ± 1.96 in the SB group;
5 weeks: 8.61 ± 2.0 in the MMP-9 group versus 2.44 ± 1.50 in the
NS group or 2.22 ± 1.26 in the GFP group or 2.50 ± 1.50 in the SB
group) (p < 0.001, Figures 5C and 5D).

Endothelial progenitor cells (EPCs) play an important role in the
angiogenesis of the ischemic brain.24,25 To examine whether more
EPCs migrate to the peri-infarct area after glial scar degradation by
MMP-9, we used two typical markers (CD34 and Flk-1) to identify
endogenous EPCs.26 We found that the number of EPCs increased
Molecular Therapy Vol. 25 No 6 June 2017 1451
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Figure 4. MMP-9 Inhibited Hypoxic Astrocyte Migration In Vitro

(A) Representative picture of the relative location of the glial scar (red) and lentivirus transduction (green) 5 weeks after tMCAO. p, peri-infarct; GS, glial scar; C, core; AS,

astrocytes. Scale bar, 100 mm. (B) The protocol for astrocyte migration assay in vitro. (C) Representative images of migrated astrocytes in transwells in each group. Scale bar,

100 mm. (D) Quantifications of migrated cell numbers per field in each group (N = 3 per group). Data are mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. n.s., no

significance; NS, normal saline; GFP, Lenti-HRE-GFP; MMP-9, Lenti-HRE-MMP-9; SB, Lenti-HRE-MMP-9 plus SB-3CT.
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in the peri-infarct area after the GFAP+ glial scar was degraded by
MMP-9 (Figures S4A and S4B). To further quantify EPCs, we exam-
ined the number of EPCs in brain samples by flow cytometry. MMP-9
virus injection elevated the endogenous EPC number in the brain
compared to the other groups of mice up to 5 weeks after tMCAO
(64.7 ± 9.07 in the MMP-9 group versus 12.8 ± 2.28 in the sham
group or 21.3 ± 3.51 in the NS group or 22.3 ± 2.30 in the GFP
group or 31.3 ± 9.71 in the SB group or 41.8 ± 9.36 in the SU group)
(p < 0.05, Figures S4C and S4D). These results indicated that glial
scar degradation facilitated EPC migration to the peri-infarct
area after tMCAO, and more EPCs contributed to subsequent
angiogenesis.

Neurogenesis and Synaptogenesis Induced by MMP-9 Were

Dependent on Angiogenesis in the Peri-infarct Area after tMCAO

Neurogenesis is another critical event for functional recovery after
ischemic stroke. Because MMP-9 improved neurological outcomes
at 3 and 5 weeks after tMCAO, we next determined whether
MMP-9 facilitated neurogenesis and the relationship between neuro-
genesis and angiogenesis. We examined BrdU+/NeuN+ cells for
neurogenesis and increased lectin+ cells for angiogenesis. MMP-9
overexpression indeed increased the number of BrdU+/NeuN+

(6.8 ± 0.96 in the MMP-9 group versus 1.3 ± 0.96 in the NS group
or 1.8 ± 0.96 in the GFP group or 2.0 ± 0.81 in the SB group or
1.3 ± 0.95 in the SU group) and lectin+ cells (39.8 ± 5.14 in the
MMP-9 group versus 25.2 ± 3.89 in the NS group or 25.8 ± 3.72 in
the GFP group or 24.0 ± 4.20 in the SB group or 22.0 ± 4.08 in the
1452 Molecular Therapy Vol. 25 No 6 June 2017
SU group) (p < 0.001, Figures 6A–6C) in the peri-infarct area at
3 weeks after tMCAO. Both the MMP-9 inhibitor SB-3CT and the
vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor
SU5416 reversed the effect of MMP-9 on neurogenesis and angiogen-
esis. Our results indicated that VEGFR2-mediated angiogenesis is an
important step in promoting neurogenesis. Because synaptogenesis is
the basis for functional recovery after injury, we measured the expres-
sion of the pre-synaptic marker synaptophysin and the post-synaptic
marker PSD-95. We found that the expression of synaptophysin was
similar among all groups of mice, but PSD-95 expression increased in
the MMP-9-treated mice compared to other groups of mice (5.05 ±

1.19 in the MMP-9 group versus 1.0 ± 0.0 in the NS group or
1.55 ± 0.24 in the GFP group or 1.66 ± 0.73 in the SB group or
2.57 ± 0.28 in the SU group, p < 0.01, Figures 6D and 6E). This in-
crease was partially due to transcriptional regulation because the
PSD-95 mRNA level was also elevated in MMP-9-treated mice
(3.37 ± 0.66 in the MMP-9 group versus 0.96 ± 0.13 in the NS group
or 1.41 ± 0.18 in the GFP group or 1.44 ± 0.28 in the SB group or
1.21 ± 0.29 in the SU group, p < 0.001, Figure 6F). We also found
that the expression of VEGF (1.39 ± 0.23 in the MMP-9 group versus
0.99 ± 0.26 in the NS group or 0.91 ± 0.28 in the GFP group or 0.66 ±
0.25 in the SB group or 0.43 ± 0.05 in the SU group, p < 0.05, Fig-
ure S5) and VEGFR2 (2.69 ± 0.45 in the MMP-9 group versus
1.0 ± 0.0 in the NS group or 1.17 ± 0.03 in the GFP group or
1.59 ± 0.42 in the SB group or 0.79 ± 0.11 in the SU group,
p < 0.01, Figure 6E) increased in MMP-9-treated mice compared
to other groups of mice. The increase of VEGF was blocked by



Figure 5. MMP-9 Promoted Angiogenesis in the Peri-infarct Area after tMCAO

(A and B) CD31 immunostaining of brain slices (A) and quantifications of vessel numbers (B) in NS-, GFP-, MMP-9-, and SB-3CT-treated mice at 3 and 5 weeks after tMCAO.

Scale bar, 100 mm (N = 6 mice per group). (C and D) Representative images of lectin and BrdU double staining for proliferating vessels (C) and quantification of the BrdU+/

lectin+ cell number per field in each group (D). Scale bar, 20 mm (N = 6mice per group). Data are mean ± SD. ***p < 0.001. NS, normal saline; GFP, Lenti-HRE-GFP; MMP-9,

Lenti-HRE-MMP9; SB, Lenti-HRE-MMP9 plus SB-3CT.
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SB-3CT and SU5416, whereas the GFAP fluorescence intensity in the
SU group was similar to that of the MMP-9 group (0.48 ± 0.13 in the
MMP-9 group versus 0.42 ± 0.09 in the SU group, p > 0.05, Figure S5).
Therefore, our results indicated that both neurogenesis and synapto-
genesis induced by MMP-9 were dependent on angiogenesis.

MMP-9 Improvement of Neurobehavioral Outcomes Was

Dependent on Angiogenesis

Angiogenesis is important for neurological recovery after stroke.27,28

To examine the effect of the vascular endothelial growth factor
(VEGF)/VEGFR2 signaling pathway on neurological function, we
detected atrophy volumes and neurobehavioral outcomes 3 weeks af-
ter brain ischemia. Atrophy volume was increased in the SU5416-
treated mice compared to the MMP-9-treated mice (7.71 ±

0.64 mm3 in the MMP-9 group versus 12.91 ± 1.03 mm3 in the
MMP-9 + SU group or 14.80 ± 1.29 mm3 in the SU-alone group,
p < 0.01, Figures 7A–7C). The neurological outcomes evaluated by
mNSS also worsened in the SU5416-treated mice (5.0 ± 0.89 in the
MMP-9 group versus 6.40 ± 1.34 in the MMP-9 + SU group or
7.33 ± 0.52 in the SU-alone group, p < 0.05, Figure 7D). Our results
also showed that the SU-alone group presented the worst mNSS
test and atrophy volume, whereas the functional recovery of the
MMP-9 + SU group was between those of the MMP-9 group and
the SU-alone group. These results suggested that MMP-9 partially
reversed the detrimental effects of SU5416.
DISCUSSION
To better understand the role of MMP-9 in the recovery stage of
ischemic stroke, we used the HIF-HRE system to modulate the
expression level of MMP-9 in delayed stroke. Gene therapy via the
HIF-HRE system confined MMP-9 expression to the ischemic area,
which could overcome the disadvantages of MMP-9 excessive disrup-
tion. This vector made it possible to use MMP-9 to treat brain
ischemia.9 Our results showed that the brain atrophy volume was
reduced and neurological function was improved when injecting
HRE-MMP-9 into the peri-infarct area 7 days after tMCAO. On
the basis of previous studies, MMP-9 had detrimental effects,
including BBB disruption, inflammation, and neurotoxicity in the
acute phase of stroke (the first 3 days), but it could help to mediate
repair in the late stage of ischemia (7–14 days).6,29 Therefore, we
altered MMP-9 gene expression 7 days after brain ischemia. From a
translational point of view, HRE-MMP9 treatment given 1 week after
stroke is attractive, even if intrastriatal administration is a disadvan-
tage. Noninvasive methods or devices are needed in the future for
clinical use.

We found that MMP-9 overexpression degraded the astroglial scar
and ECM in vivo. It was noted that MMP-9 promoted glial scar for-
mation after spinal cord injury, but had no effect on scar formation in
the tMCAOmodel.30,31 Our results supported the notion that overex-
pressed HRE-MMP-9 was involved in the degradation of the
Molecular Therapy Vol. 25 No 6 June 2017 1453
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Figure 6. MMP-9 Promoted Neurogenesis and

Synaptogenesis, Depending on Angiogenesis in the

Peri-infarct Area after tMCAO

(A) Representative images of BrdU/NeuN double staining

for neo-neurons (upper panel) and Lectin/GFAP double

staining for vessels (lower panel) in the peri-infarct area

3 weeks after tMCAO. (B and C) Quantifications of BrdU+/

NeuN+ cell (B) and Lectin+ vessel (C) number per field in

NS-, GFP-, MMP-9-, SB-3CT-, and SU5416-treated mice

at 3 weeks after tMCAO. Scale bar, 30 mm in BrdU and

NeuN images and 50 mm in Lectin and GFAP images

(N = 6 mice per group). (D and E) Western blot for PSD 95,

Synaptophysin, VEGF, and VEGFR2 (D) and their quanti-

fications (E) in NS-, GFP-, MMP-9-, SB-3CT-, and

SU5416-treated mice at 3 weeks after tMCAO (N = 3mice

per group). (F) Quantitative of RT-PCR analysis of the

expression of PSD 95 and synaptophysin in NS-, GFP-,

MMP-9-, SB-3CT-, and SU-treated mice. Values were

normalized to GAPDH (N = 3 mice per group). Data are

mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. NS,

normal saline; GFP, Lenti-HRE-GFP; MMP-9, Lenti-HRE-

MMP-9; SB, Lenti-HRE-MMP-9 plus SB-3CT; SU, Lenti-

HRE-MMP-9 plus SU5416.
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ischemia-induced glial scar and ECM components. First, after
MMP-9 overexpression, the thickness and the areas of the glial scar
decreased, and ECM proteins, such as CSPG, NG2, and Laminin,
were degraded in the ischemic brain. Second, those ECM proteins
were also reduced by MMP-9 protein in a scratch-wound injury of
astrocyte culture. Third, MMP-9 alleviated astrocyte body swelling,
reduced the length and number of activated astrocyte processes
in vivo, and inhibited astrocyte migration in vitro. Fourth, evidence
from other groups has shown that redundancy and compensation
exist in the MMP family: MMP-9 elimination coincided with
MMP-3 upregulation in MMP-9-deficient mice, suggesting that
some results observed in MMP-9-deficient mice may be due to
compensation by other MMPs.32,33 Fifth, different basic levels of
MMP-9 (overexpression versus knockout) and injury models (brain
ischemia versus spinal cord contusion injury) may be the causes of
these research discrepancies. Studies have shown that MMP-9 eleva-
tion in astrocytes may be associated with migration,34 whereas our
results supported that MMP-9 overexpression in the mix culture in-
hibited untransduced astrocyte migration under hypoxic conditions.
1454 Molecular Therapy Vol. 25 No 6 June 2017
Angiogenesis is a crucial procedure for neuro-
vascular unit rebuilding during the recovery
stage of stroke.26 Previous data showed that the
VEGF/VEGFR2 signaling pathway and EPC
contributed to angiogenesis after injury.25,35

MMP-9 could promote the release of VEGF,20

which might enhance the proliferation of
vascular epithelial cells and inhibit their
apoptosis after injury.36,37 We found that
MMP-9 treatment increased the VEGF level in
immunostaining but not in western blotting,
which was possibly due to the difference of
detected areas (core, peri-infarct area, and normal mixture tissue for
western blotting; only peri-infarct area for immunostaining). Further-
more, MMP-9 and VEGFR2 showed positive correlations during
epithelial dysplasia in oral leukoplakia.38 Our results showed that
the expression of VEGFR2 increased in HRE-MMP-9 mice compared
to other groups of mice, which supported that MMP-9 promoted
angiogenesis after ischemic injury by the VEGF/VEGFR2 signaling
pathway. Additionally, MMP-9 is essential for ischemia-induced
neovascularization by recruiting and mobilizing bone-marrow-
derived EPCs.39 Moreover, EPC migration was dependent on
MMP-9 production.40 Our results indicated that more EPCs were
mobilized and migrated to the ischemic injury site after MMP-9-trig-
gered glial scar degradation, and MMP-9 was essential for ischemia-
induced neovascularization by either modulating bone-marrow-
derived EPCs or activating the VEGF signaling pathway.39,41,42 How
MMP-9 affected VEGFR2 and how EPCs regulated the formation of
the vascular network after MMP-9 treatment in ischemic stroke
need further investigation. Furthermore, EPC-secreted angiogenic cy-
tokines, such as VEGF, hepatocyte growth factor (HGF), granulocyte



Figure 7. Improvement of Neurobehavioral

Outcomes by MMP-9 Was Dependent on

Angiogenesis

(A) Photograph showing brain sections in three groups

with cresyl violet staining for atrophy volume. The dashed

line shows the original size of the ischemic brain side.

(B) Bar graph showing statistical data on the atrophy vol-

ume at 3 weeks after tMCAO. N = 6 mice per group.

(C and D) Atrophy volume was shown in the whole

brain (C), and the mNSS (D) was performed separately to

evaluate the outcomes 1–3 weeks after ischemia in the

three groups (N = 6 per group from baseline to 3 weeks).

Data are the mean ± SD. *p < 0.05, **p < 0.01. MMP-9,

Lenti-HRE-MMP9; SU alone, SU5416; MMP9+SU, Lenti-

HRE-MMP9 plus SU5416.
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colony-stimulating factor, and granulocyte-macrophage colony-stim-
ulating factor, also played important roles. These factors could release
and interact with their targeted cells after the degradation of scar and
matrix.43–45

Our research also suggested that MMP-9 enhanced neurogenesis
(increasing the number of NeuN+/BrdU+ cells) and synaptogenesis
(increasing the expression level of PSD-95) in delayed ischemia.
MMP-9 was also involved in endogenous neuroprogenitor cell migra-
tion from the subventricular zone (SVZ) after ischemic stroke.46,47

Although MMP-9 did not change synaptic marker density and local-
ization,48 our results suggested that MMP-9 could improve post-syn-
aptic marker PSD-95 expression and was involved in the synaptic
remodeling after ischemic injury. The difference was possibly due
to different methods or in vivo/in vitro samples. Additionally, our
data showed that synaptophysin (pre-synaptic marker) expression
was slightly increased in MMP-9-treated mice, but without a signifi-
cant difference. Thus, we concluded that MMP-9 mainly exerted its
effect on post-synapse, but we still could not exclude its effect on
pre-synapse.49 Moreover, how MMP-9 elevated PSD-95 expression
and its role in synaptic remodeling after injury need to be further
investigated.

Taken together, our findings suggested that overexpressed HRE-
MMP-9 was associated with glial scar degradation and angiogenesis
in the delayed phase of stroke, which seemed to be essential for sub-
sequent neurogenesis and synaptogenesis and finally promoted
neurological recovery (schematic diagram illustrated in Figure 8).

MATERIALS AND METHODS
Experimental Design

The ARRIVE guidelines were considered in the design and report of
the current study. All procedures involving mice were approved by
the Institutional Animal Care and Use Committee of Shanghai Jiao
Mo
Tong University. During the animal studies,
guidelines for the regulation for the administra-
tion of affairs concerning experimental animals
of China, enacted in 1988, were followed. We
housed mice under specific-pathogen-free conditions in an animal fa-
cility with a regular 12-hr light and dark cycle (lights on at 6:00 am).
Five groups of mice were included: NS, GFP (Lenti-HRE-GFP),
MMP-9 (Lenti-HRE-MMP9-GFP), highly selective gelatinase inhibi-
tor SB-3CT (Lenti-HRE-MMP9-GFP + SB-3CT), VEGFR2 inhibitor
SU5416 (Lenti-HRE-MMP9-GFP + SU5416), and SU alone. An
investigator who was blinded to the group information was trained
to perform the mouse randomization. Adult male mice from Sippr-
BK had similar body weights and were marked with numbers by
piercing their ears. Then, we randomly allocated all the mice via Excel
software.50 All groups of mice underwent 120 min of tMCAO. BrdU
(Sigma) was injected intraperitoneally in all mice at 50 mg/kg per day
for 7 consecutive days beginning 14 and 28 days after stroke. We used
2SB-3CT (Sigma) to specifically inhibit MMP-9-driven pathways
in vivo.51,52 SB-3CT was injected intraperitoneally at 10 mg/kg
per day for 3 consecutive days beginning 18 and 32 days after
MCAO.53 In the SU5416 group, animals were treated with a
SU5416 intraperitoneal injection (Selleck Chemical, 25 mg/kg, every
3 days) from 1 day after Lenti-HRE-MMP-9 brain injection.54

The vehicle SB-3CT and SU5416 were dissolved in 10% DMSO
normal saline solution. The control groups also received the
same amount of 10% DMSO NS solution injections. Receiving treat-
ment (BrdU, SB-3CT, or SU5416 injection) did not induce extra
mortality.

Lentiviral Production and Lentivirus-Mediated MMP-9 Gene

Transfer

MMP-9 cDNAwas inserted downstream of the CMV promoter in the
vector pCDH-CMV-MCS-EF1-copGFP without HRE modification
and was used as a positive control vector in the following in vitro
experiment. The HREs used in the vector were found at the 30 end
of the erythropoietin gene. They originated from the human Epo
30-flanking sequence.55 A concatemer of nine copies of the consensus
sequence of HRE and a minimal SV40 promoter were included in the
lecular Therapy Vol. 25 No 6 June 2017 1455
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Figure 8. Illustrative Model of the Beneficial Role of

HRE-MMP-9 in the Delayed Phase of tMCAO

Illustrative model in the brain of NS/GFP (A), MMP-9 (B),

SB (C), and SU (D) mice after ischemia. (A) Glial scar

formed after tMCAO; few vessels and neurons were left in

the peri-infarct area. (B) HRE-MMP-9 overexpression

induced glial scar degradation; then, more EPCs migrated

to the peri-infarct area. Both EPCs and MMP-9 contribute

to angiogenesis via the VEGF/VEGFR2 signaling pathway

in the injury site, and neovascularization promoted neu-

rogenesis and synaptogenesis after ischemic injury.

(C) SB-3CT inhibited glial scar degradation induced by

MMP-9; few vessels and neurons were found in the peri-

infarct area. (D) VEGFR2 inhibitor (SU5416) prevented

neovascularization after glial scar degradation; few ves-

sels and neurons were found in the peri-infarct area. NS,

normal saline; GFP, Lenti-HRE-GFP; MMP-9, Lenti-HRE-

MMP-9; SB, Lenti-HRE-MMP9 plus SB-3CT; SU, Lenti-

HRE-MMP9 plus SU5416.
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vector. After obtaining HRE-MMP-9 plasmid from the SK-H9-SV40
pro plasmid backbone (provided by Hua Su, University of California,
San Francisco),9 HEK293T cells were co-transfected with gene-carrier
plasmid pDelta (helper plasmid) and VSV-G (envelope protein vec-
tor) for lentiviral production. 24–48 hr after transfection, the medium
containing virus was filtered and centrifuged at 123,000� g for 2 hr at
4�C. The supernatant was removed, and the pellet containing the
lentiviral particles was dissolved in 100 mL of PBS overnight and
stored at�80�C.We used the second-generation lentivirus after virus
amplification. The HEK293T cells were transfected with the collected
1456 Molecular Therapy Vol. 25 No 6 June 2017
virus, and the virus titer was determined by the
percentage of labeled GFP-fluorescent cells
3 days later.56

Mice were anesthetized by ketamine/xylazine
(100 mg/10 mg/kg, Sigma) and were subjected
to viral vector injection into the left striatum
stereotactically at 7 days after tMCAO
(2.5 mm left lateral to the sagittal suture,
0.5 mm posterior to the bregma, and 3.5 mm
deep into the brain). 2 mL of lentiviral vector
containing 4 � 109 TU/mL particles were
injected into the brain at 300 nL/min. The Ham-
ilton needle was withdrawn from the brain
5 min later. For cell transfection, 0.2 mL
(4 � 109 TU/mL) of lentiviral vector was used
for cell transduction in a 24-well plate. GFP fluo-
rescence was detected to evaluate transduction
efficiency.

tMCAO in Mice

Adult male ICR mice (Sippr-BK) weighing
25–30 g were used for tMCAO surgery accord-
ing to a previous study.19,24 Briefly, mice were
anesthetized with ketamine/xylazine (100 mg/10 mg/kg), and the
origin of the middle cerebral artery (MCA) was occluded for
120 min in mice. Successful MCA occlusion was confirmed by
laser Doppler flowmetry (Moor Instruments) as a decline in the
regional blood flow by more than 80% compared to the baseline.
Reperfusion was achieved by removing the suture. The mortality
rates after tMCAO in each group ranged from 15% to 20%. Specif-
ically, NS 6/35 = 17.14%; GFP 6/36 = 16.67%; MMP-9 7/42 =
16.67%; SB 7/38 = 18.42%; SU 4/23 = 17.39%; and SU alone
4/20 = 20%.
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Brain Atrophy Volume Measurement

The atrophy volume was analyzed by staining sections with 1% cresyl
violet (Sigma). The atrophy area was calculated as the contralateral
area minus the ipsilateral area. For two adjacent sections, the atrophy
volume was determined as V = 1=3 � h � ðS1+ S2+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S1 � S2p Þ, in
which S1 and S2 were the upper and lower sections of the atrophy
area, respectively, andh represented the thickness between the two sec-
tions. The total atrophy volume was calculated as the sum of all the
atrophy volumes between adjacent sections.19,24,57 Statistics of hemi-
spheric volume assessment were performed by a blinded investigator.

Neurobehavioral Tests

An operator blinded to the group assignment performed the tests.
The mNSS was performed 7, 14, 21, and 35 days after tMCAO, and
motor skills, reflexes, and balance function were evaluated. Ischemic
behavioral outcome scores ranged from 0 to 14, representing the
increasing severity of injury.58

Tissue Preparation and Immunohistochemistry

Mice were perfused transcardially with 0.1 mol/L PBS and then 4%
paraformaldehyde in PBS for 10 min at 4�C after euthanasia. Brains
were removed and immersed in 25% sucrose solution at 4�C until
they sunk to the bottom. Brains were then embedded in optimum cut-
ting temperature compound (OCT) (Sakura Finetek). 20-mm coronal
sections were cut using a cryostat (CM1950, Leica), and the sections
were mounted on microscope slides (precleaned; Fisher Scientific).59

Cells or brain sections were fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.3% Triton X-100 for 10 min, and blocked in
10% bovine serum albumin (BSA) for 1 hr at room temperature.
Then, they were incubated with the following primary antibodies at
4�C overnight: NeuN (1:200, Millipore), NG2 (1:300, Millipore),
GFAP (1:200, Millipore); VEGF (1:200,Millipore); Flk-1 (1:100, Santa
Cruz Biotechnology), BrdU (1:200, Santa Cruz Biotechnology); CD31
(1:200, R&D Systems); CSPG (1:100, Sigma), Laminin (1:200, Sigma);
CD34 (1:200, Abcam); and Ki-67 (1:300, Abcam). Other sections were
labeled with Texas-red labeled lectin (1:200, Vector Laboratories).
After three washes with PBS, cells or brain sections were incubated
for 1 hr at room temperature with fluorescent-conjugated secondary
antibodies and imaged with a microscope (Leica). For BrdU staining,
sections were treated with 2 M hydrochloric acid at 37�C for 20 min
and neutralized with 0.1 M sodium borate (pH = 8.5) for 12 min.
BrdU/lectin and BrdU/NeuN double-positive cells were counted
randomly from selected peri-infarct areas. In some brain sections,
the secondary antibody Alexa Fluor 647 (1:500, Invitrogen) was
used, which was shown as green via pseudo-color processing. Four
sections from every 200-mm interval were selected per animal for im-
munostaining. Positive staining cells were counted from 24 optical
fields per mouse. The imaging and image analysis were performed
by a blinded investigator.

Western Blot Analysis

Brain tissues were placed in lysis buffer (containing RIPA, PMSF, and
cocktail) and homogenized on ice by ultrasound. After determining
the protein concentration by the bicinchoninic acid method (BCA
Kit, Thermo Pierce), equal amounts of samples were loaded for
SDS-PAGE electrophoresis. Then, proteins on gels were transferred
to nitrocellulose membranes (Whatman), which were blocked with
5% non-fat milk for 1 hr at room temperature and incubated with pri-
mary antibodies, including MMP-9 (1:500, Millipore), NG2 (1:1,000,
Millipore); CSPG (1:500, Sigma); Laminin (1:1,000, Sigma); PSD-95
(1:1,000, Abcam); Synaptophysin (1:1,000, Abcam); VEGF (1:500,
Millipore), and VEGFR2 (1:1,000, Santa Cruz Biotechnology) at
4�C overnight. After being incubated with appropriated horse-
radish-peroxidase-conjugated IgG antibodies (1:5,000, Huabio) for
1 hr at room temperature, the final bands were recorded and semi-
quantified by Quantity One imaging software (Bio-Rad) by a blinded
operator.

Total RNA Extraction and Real-Time PCR Analysis

Total RNAwas extracted from brain samples and purifiedwith TRIzol
reagent with the RNeasy kit (QIAGEN) and the Turbo DNA-free kit
(Ambion). RNA (400 ng) was used for reverse transcription reactions
with TaqMan reverse transcription reagent kits (Applied Biosystems).
mRNA expression levels were quantified with SYBR Green Master
Mix, and Ct values for each sample and gene were normalized to
GAPDH. Primer sequences: PSD-95 forward: 50-GGT CAG CCC
TCT GGC TAC T-30, PSD-95 reverse: 50-GTC CGT GTT GAC
AAT CAC AGG-30; synaptophysin forward: 50-GCT ATT TTC
GCC TTC GGG TC-30, synaptophysin reverse: 50-GGC TTC GTT
GTT GCA GAG AAC-30; MMP3 forward: 50-GAA ATC CCA CAT
CAC CTA CA-30, MMP3 reverse: 50-CTC CTC CCA GAC CTT
CAA-30; MMP13 forward: 50-CTT CTG GTC TTC TGG CAC
AC-30, MMP13 reverse: 50-GGG CAG CAA CAA TAA ACA AG-30;
GAPDH forward: 50-GGTTGTCTCCTGCGACTTCA-30, GAPDH
reverse: 50-TGG TCC AGG GTT TCT TAC TCC-30.

Primary Astrocyte Culture and Astrocyte-Neuron Co-culture

Pure astrocytes were prepared as previously described, with minor
modifications.13 In brief, cortices were dissected from the head of
postnatal 0 day mice and digested in 0.125% trypsin for 12 min at
37�C. After mechanical dissociating, cell pellets were suspended in
DMEM supplemented with 10% fetal bovine serum (FBS) (GIBCO)
and dispersed by a 1-mL pipette tip. The cells were filtered through
a 70-mm strainer and plated in poly-D-Lysine (Sigma)-coated six-
well plates (8 � 105 cells/well). Medium was replaced with fresh
DMEM containing 10% FBS 24 hr later. When they formed a
confluent layer at 6 to 7 days after plating, astrocytes were ready for
the following experiments. For astrocyte-neuron co-culture, the
difference was that medium was replaced with neurobasal medium
supplemented with B27 (Invitrogen) 24 hr after cell plating. The pro-
portion of cells immunostained with GFAP and Tuj-1 relative to the
total nuclei counterstained with DAPI (Beyotime) was >90%. All the
in vitro experiments were examined in triplicate cultures.

OGD and Cell Migration Assay

Cells in DMEM without glucose (GIBCO) were placed in a sealed
chamber for OGD. Mixed gases containing 95% N2 and 5% CO2
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were delivered to the chamber to induce hypoxia. Astrocyte migration
was examined using a hanging cell culture transwell (8 mm,Millipore)
inserted into 24-well plates. After co-cultured cells in the lower layer
were transduced with lentivirus vector for 1 day, both the upper and
the lower layer were replaced with OGD medium (DMEM without
glucose, GIBCO) and OGD was performed for 12 hr. Then, untrans-
duced astrocytes on the upper membrane surface were wiped off with
a cotton swab and astrocytes migrating to the lower membrane sur-
face were stained with 1% crystal violet (Sigma). In the assay, six
optical fields for per section were photographed (20X objective
lens), and migrated cells were counted after being photographed by
a blinded investigator.

Statistical Analysis

Results are presented as mean ± SD. All data were tested for normality
using SPSS 18.0 software (SPSS). Multiple comparisons were evalu-
ated by the Student-Newman-Keuls test after one-way ANOVA using
GraphPad Prism version 5.0 (GraphPad Software) when the data had
a normal distribution. If the data had a non-normal distribution, we
used non-parametric analyses, the Kruskal-Wallis H test and Mann-
Whitney U test were applied, and the results are represented as
M(IQR). P values < 0.05 were considered to be statistically significant.
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