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Chronic Cerebral Hypoperfusion Induces
Alterations of Matrix Metalloproteinase-9 and
Angiopoietin-2 Levels in the Rat Hippocampus
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Angiogenic factors contribute to cerebral angiogenesis following cerebral hypoperfusion, and understanding these temporal changes
is essential to developing effective treatments. The present study examined temporal alterations in angiogenesis-related matrix metalloproteinase-9 (MMP-9) and angiopoietin-2 (ANG-2) expression in the hippocampus following bilateral common carotid artery
occlusion (BCCAo). Male Wistar rats (12 weeks of age) were randomly assigned to sham-operated control or experimental groups,
and expression levels of MMP-9 and ANG-2 were assessed after BCCAo (1 week, 4 weeks, and 8 weeks), using western blotting.
Protein expression increased 1 week after BCCAo and returned to control levels at 4 and 8 weeks. In addition, immunofluorescence
staining demonstrated that the MMP-9- and ANG-2-positive signals were primarily observed in the NeuN-positive neurons with
very little labeling in non-neuronal cells and no labeling in endothelial cells. In addition, these cellular locations of MMP-9- and
ANG-2-positive signals were not altered over time following BCCAo. Other angiogenic factors such as vascular endothelial growth
factor and hypoxia-inducible factor did not differ from controls at 1 week; however, expression of both factors increased at 4 and 8
weeks in the BCCAo group compared to the control group. Our findings increase understanding of alterations in angiogenic factors
during the progression of cerebral angiogenesis and are relevant to developing effective temporally based therapeutic strategies for
chronic cerebral hypoperfusion-associated neurological disorders such as vascular dementia.
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Angiogenesis is a complex process involved in the formation and
interaction of multiple vascular regulating factors [1, 2]. Hypoperfusion, such as that occurring with hypoxia and ischemia, initiates
repair process via hypoxia-inducible factor-1 (HIF-1). In addition,
expression of angiopoietin-2 (ANG-2) is up-regulated at sites of
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vascular remodeling following hypoxia [3] and lead to an induction of angiogenesis, together with vascular endothelial growth
factor (VEGF) [4]. Furthermore, numerous studies have revealed
that angiogenesis-related factors are expressed during the recovery
phase following hypoperfusion. For example, matrix metalloproteinase-9 (MMP-9) is increased in peri-infarct cortex at 7~14 d
after the initial occlusion and exerts beneficial effects by cleaving
the extracellular matrix and modulating the intracellular microenvironment [5]. However, these studies focus on the short-term
changes in angiogenic factors following initial occlusion, without
consideration of long-term effects.
Several animal models have been used to study the effects of
hypoperfusion on the brain. Permanent bilateral common carotid
artery occlusion (BCCAo) induces chronic cerebral hypoperfusion and the resultant hippocampus-dependent memory impairments [6]. Neuro-inflammation and inflammation-related protein
expression are also observed in the hippocampus of rats with
BCCAo [7, 8]; furthermore, both damage and repair processes are
initiated [9]. To compensate for reductions in cerebral blood flow,
the blood vessels dilate, capillaries are recruited, and angiogenesis
occurs in conjunction with increased VEGF expression [10-12].
Thus, angiogenesis in the brains of animals with BCCAo may
contribute to neuronal reorganization and reduced neurological
deficits [13]. Therefore, activation of angiogenesis may reduce the
extent of BCCAo-induced damage and mitigate cognitive impairments [14]. However, the underlying molecular mechanisms
of angiogenesis following BCCAo have not been elucidated. In
particular, alterations to angiogenesis-related factors have not been
examined over a long-term course.
Expression level of MMP-9 and ANG-2 is increased prior to the
other angiogenic factors such as VEGF and Hif-1α. It is expected
that MMP-9 and ANG-2 play a major role in initiating angiogenesis though the other factors are also involved in angiogenesis.
Therefore, the present experiment examined time-dependent
alterations in angiogenesis-related factors in the hippocampus of
BCCAo rats. Rats were randomly assigned to either sham-operated control or BCCAo groups; expression of ANG-2, MMP-9, and
the angiogenesis-related factors such as VEGF were examined at
1, 4, and 8 weeks following surgery. And distribution and cellular
locations of ANG-2- and MMP-9-positive signals was observed in
the hippocampus of BCCAo rats, using fluorescent immunohistochemistry.
MATERIALS AND METHODS
Animals

Forty-four naïve 10 weeks-old male (300~340 g) Wistar rats (spe-
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cific pathogen free) were obtained from Orient Co., a representative of Charles River (Gapeung, South Korea). The rats were 10
weeks of age at the time of arrival and were maintained for 1 week
prior to experiments. They were housed individually, in a climatecontrolled vivarium on a 12:12 h light-dark cycle (lights on, 07:00
to 19:00), with controlled temperature (22±1oC) and humidity
(50±10%). Food and water were available ad libitum. Experiments
were conducted in compliance with Konkuk University’s Council
Directive for the use and care of laboratory animals. Each rat was
randomly assigned to the sham-operated control group (8 weeks
after the sham-operated surgery) or 1 of the 3 BCCAo groups with
different recovery durations (1 week, 4 weeks, and 8 weeks; see Fig.
1A).
Surgery

BCCAo surgeries were performed as previously described [7].
Briefly, rats underwent either BCCAo or sham surgery under
3~5% isoflurane/oxygen. Both common carotid arteries were
exposed with a midline incision and double ligated with silk sutures. Identical procedures were performed in sham-operated rats,
except that the common carotid arteries were not occluded. After
all surgical procedures, rats were returned to cages for the recovery
period, with free access to food and water.
Brain preparation

At 1, 4, or 8 weeks following BCCAo surgery, rats were sacrificed
by decapitation or perfusion. The hippocampi of decapitated
rats were immediately dissected, frozen on dry ice, and stored at
-80oC until further experiments. Non-decapitated rats underwent
intracardiac perfusion with cold phosphate buffered saline (PBS;
pH 7.4) followed by 4% paraformaldehyde in 0.01 M PBS. The
brains of perfused rats were fixed in 4% paraformaldehyde for 3 d,
embedded in PBS containing 30% sucrose until brains sank in the
solution, and stored -80oC.
Western blot analyses

Tissue lysate preparation and western blotting occurred as follows. Hippocampal samples were homogenized in ice-cold lysis
buffer (20 mM Tris at pH 7.5, 5% glycerol, 1.5 mM EDTA, 40 mM
KCl, 0.5 mM dithiothreitol) with protease inhibitors (Calbiochem,
La Jolla, CA, USA). Homogenates were centrifuged at 14,000 g for
1 h. Supernatants were collected, and protein concentrations were
determined using Bradford’s method. Proteins were separated on
SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes. The membranes were blocked with fat-free milk
in tris-buffered saline containing tween-20 (TBST). After blocking,
membranes were incubated overnight at 4oC in blocking solution
https://doi.org/10.5607/en.2018.27.4.299
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Fig. 1. Changes in hippocampal matrix metalloproteinase-9 (MMP-9) and angiopoietin-2 (ANG2) expression over time following bilateral common
carotid artery occlusion (BCCAo). (A) Schematic
diagram of experimental procedure. (B) Representative western blot for MMP-9 (n=4) and ANG-2 (n=5).
(C) Hippocampal MMP-9 levels were significantly
increased at 1 week following BCCAo, compared to
controls (*). Increased MMP-9 returned to control
levels at 4 and 8 weeks (#). (D) Hippocampal ANG2 also increased at 1 week following BCCAo (*),
although its expression levels decreased to control
levels at 8 weeks following BCCAo (#, ##).

with the addition of primary antibodies. The specific primary
antibodies were ANG-2 (1:1000, Millipore, Billerica, MA), COX-2
(1:1000, Santa Cruz, Santa Cruz, CA), Hif-1α (1:250, Santa Cruz),
MMP-9 (1:1000, Abcam, Cambridge, MA), TGF-β (1:500, Abcam),
VEGF (1:500, Santa Cruz), and β-actin (1:5000, Sigma, St. Louis,
MO). The membranes were washed with TBST and incubated for
1 h at room temperature with anti-rabbit immunoglobulin G (IgG)
horseradish peroxidase-conjugated secondary antibody (1:1000,
Cell Signaling, Danvers, MA) or anti-mouse IgG antibody (1:2000
or 1:5000, Millipore, Princeton, NJ). Immunoreactions were visualized using an enhanced chemo-luminescence system, and
protein bands were scanned and measured using the Image Gauge
program (Fuji Film, Tokyo, Japan).
Immunofluorescent staining

To identify where Ang-2 and MMP-9-positive signals were expressed, ANG-2 and MMP-9 was co-stained with NeuN (neuronal
https://doi.org/10.5607/en.2018.27.4.299

marker), glial fibrillary acidic protein (GFAP, astrocyte marker),
CD11b (microglial marker), or Lectin (blood vessel marker). In
addition, a single immunofluorescent staining for VEGF was
conducted to observe its distribution in the hippocampus. Three
sections per animal were washed in PBS with 0.15% Triton X-100
and then incubated in blocking serum, 5% normal horse serum in
0.15% triton with PBS. The sections were then incubated in primary antibody cocktail for 22 hours at room temperature. For primary antibody, mouse anti-NeuN (1:1000, Millipore), mouse antiGFAP (1:500, BD bioscience, San Jose, CA), mouse anti-CD11b
(1:500, Bio-Rad, Hercules, CA), rabbit anti-MMP-9 (1:100, Millipore), goat anti-Ang-2 (1:200, Santa Cruz), and FITC-conjugated
Tomato-Lectin antibody (1:500, Vector, Burlingame, CA), mouse
anti-VEGF antibody (1:500, Santa Cruz) were used. Sections were
washed in PBS with 0.15% Triton X-100 and incubated in the
Alexa® fluore conjugated secondary antibody cocktail solution
(1:200, Invitrogen, Waltham, MA) for 2 hours at room temperawww.enjournal.org
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ture. Stained sections were mounted on resin-coated slides and
dried for 30 min. Anti-fade solution (Prolong gold, Invitrogen)
was used to maintain the fluorescence.
Statistical analyses

One-way analysis of variance (ANOVA) was used to analyze protein expression values measured by western blots. Post-hoc analyses (Fisher’s least significant difference) then evaluated betweengroups differences if necessary. A p-value<0.05 was considered
significant. All data are expressed as means±standard errors of the
mean (SEMs).
RESULTS
Alterations in MMP-9 and ANG-2 expression levels in the
hippocampus following BCCAo

ANOVA indicated a significant effect of group (time point) on
hippocampal MMP-9 and ANG-2 expression, as measured by

western blots (Fig. 1B; MMP-9, F(3,12)=10.719, p<0.001; ANG-2,
F(3,16)=6.218, p<0.01). Post-hoc analyses for MMP-9 expression
revealed that BCCAo rats had significantly higher MMP-9 expression in the hippocampus at 1 week, compared to controls. However, MMP-9 expression returned to control levels at 4 or 8 weeks
after BCCAo (Fig. 1C). Hippocampal ANG-2 expression also
increased at 1 week after BCCAo; however, expression decreased
to control levels at 4 and 8 weeks after BCCAo (Fig. 1D).
Distribution and cellular localization of MMP-9 and ANG2 in the hippocampus of the BCCAo rats

Next, the distribution and cellular localization of MMP-9 and
ANG-2 expression was examined in the hippocampus of the BCCAo rats, using triple-labeled fluorescent immunohistochemistry
(n=4 for MMP-9 and ANG-2). As shown in the photomicrography
(Fig. 2), MMP-9- and ANG-2-positive signals were mainly located
in the NeuN-positive neurons. A very few ANG-2-positive signals
were expressed in GFAP-positive glial cells (Fig. 3), but little MMP-

Fig. 2. Distribution and cellular localization of hippocampal angiopoietin-2 (ANG-2) and matrix metalloproteinase-9 (MMP-9) over time following
bilateral common carotid artery occlusion (BCCAo) (1 week, 4 weeks, and 8 weeks): Neurons. Most ANG-2 (blue) and MMP-9 (green) labeling was observed in NeuN-positive neurons (red). CA1 (A), dentate gyri (B), and CA3 (C) in the hippocampus. Scale bar, 100 μm.
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Fig. 3. Distribution and cellular localization of hippocampal angiopoietin-2 (ANG-2) and matrix metalloproteinase-9 (MMP-9) over time following
bilateral common carotid artery occlusion (BCCAo) (1 week, 4 weeks, and 8 weeks): glia. A very few ANG-2-positive signals were observed in glial fibrillary acidic protein (GPAP)-positive glial cells, but MMP-9-positive signals were not found in with glial cells. CA1 (A), dentate gyri (B), and CA3 (C)
in the hippocampus. Scale bar, 100 μm.

9-positive signals were found in GFAP-positive glial cells. Both
ANG-2 and MMP-9-positive signal was not found in CD11bpositive microglial cells (Fig. 4). We did not find evident changes
of ANG-2 and MMP-9 cellular locations over time following BCCAo. These ANG-2 and MMP-9 cellular locations were not altered
over time following BCCAo.
MMP-9 and ANG-2 positive signal was not observed in the
blood vessels in the hippocampus of the BCCAo rats

Using triple-labeled fluorescent immunohistochemistry, the expression of MMP-9- and ANG-2-positive signals in blood vessels
was evaluated in the hippocampus of the BCCAo rats. We did not
find MMP-9- and ANG-2-positive signals located in the Lectinpositive blood vessels over time following BCCAo (Fig. 5).
Alterations in angiogenesis-related factors following BCCAo

Expression of angiogenesis-related factors previously reported
https://doi.org/10.5607/en.2018.27.4.299

to change in response to chronic hypoperfusion or hypoxia were
also measured over time following BCCAo. Hippocampal vascular endothelial growth factor (VEGF) levels were measured using
western blots and fluorescent immunohistochemistry. One-way
ANOVA demonstrated a significant group effect (F(3,16)=5.495,
p<0.01). Subsequent post-hoc analyses indicated that hippocampal VEGF levels were significantly increased at 4 weeks and 8
weeks after BCCAo, compared to the control group (Fig. 6B). Furthermore, as shown in the Fig. 6C, the expression pattern of VEGF
in the hippocampal subregions was similar to our findings using
western blotting. Expression levels of other angiogenesis-related
factors such as hypoxia-inducible factor-1α (Hif-1α) were also
altered over time following BCCAo. One-way ANOVA revealed a
group effect (F(3,12)=9.055, p<0.05). Subsequent post-hoc analyses
indicated that hippocampal Hif-1α significantly increased at 4
weeks and 8 weeks following BCCAo, compared to controls (Fig.
6D).
www.enjournal.org
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Fig. 4. Distribution and cellular localization of hippocampal angiopoietin-2 (ANG-2) and matrix metalloproteinase-9 (MMP-9) over time following bilateral common carotid artery occlusion (BCCAo) (1 week, 4 weeks, and 8 weeks): Microglia. Both ANG-2 and MMP-9-positive signals were not found
in CD11b-positive microglial cells. CA1 (A), dentate gyri (B), and CA3 (C) in the hippocampus. Scale bar, 100 μm.

Expression levels of angiogenesis-related cytokines such as cyclooxygenase-2 (COX-2) and transforming growth factor-beta
(TGF-β) were measured over time following BCCAo, using western blots. One-way ANOVA revealed significant group effects:
COX-2, F(3,12)=5.913, p<0.01; TGF-β, F(3,12)=4.915, p<0.05. Posthoc analyses indicated that expression increased at 1 and 4 weeks
following BCCAo, but returned to control levels at 8 weeks (Fig.
6E, F).
DISCUSSION

BCCAo-induced chronic cerebral hypoperfusion leads to neuroinflammation and white matter damage, resulting in hippocampus-dependent memory impairments [6]. Furthermore, in
response to chronic cerebral hypoperfusion, both neurodegenerative cascades and neuroprotective or repair mechanisms are initiated. To compensate for reduced cerebral blood flow, angiogenic
factors are activated, thereby generating new microcapillaries.
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Previous studies have demonstrated that regional cerebral blood
flow decreases to 33%~45% of control levels in the cortex at 2 d
following BCCAo, and recovers to baseline values by 8 weeks postsurgery [15].
Angiogenesis is well-characterized in a stroke model of focal
ischemia via middle cerebral artery occlusion [16, 17]. In contrast,
angiogenesis has not been clearly established during global ischemia resulting from chronic BCCAo. Moreover, these studies have
focused on short-term changes in angiogenic factors following
initial occlusion, rather than on long-term changes. Therefore, the
present study measured several angiogenesis-related factors over
relatively long-time periods (up to 8 weeks) in the hippocampus
of rats with BCCAo. Specifically, MMP-9 and ANG-2, which may
be up-regulated following hypoxia or hypoperfusion [3, 5], were
measured in the hippocampus and their cellular locations were
examined at 1 week, 4 weeks, and 8 weeks following BCCAo.
MMPs enhance angiogenesis by cleaving extracellular matrix
[9, 18]. In particular, MMP-9 enhances angiogenesis by cleaving
https://doi.org/10.5607/en.2018.27.4.299
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Fig. 5. Hippocampal angiopoietin-2 (ANG-2) and matrix metalloproteinase-9 (MMP-9) labeling was not observed in the enthothelial cells stained with
lectin. CA1 (A), dentate gyri (B), and CA3 (C) in the hippocampus. Scale bar, 200 μm.

endothelial cell-to-cell adhesion [2]. Previous reports indicate
that MMP-9 is upregulated and diffuses throughout the ischemic
cortex [5, 19]. In the present study, hippocampal MMP-9 levels
increased at 1 week following BCCAo, although expression had
returned to baseline at 4 and 8 weeks. MMP-9 was primarily
located in neurons, rather than in astrocytes and microglia. In
addition, ANG-2 mediates vascular remodeling [20] and alters
blood vessel responses to angiogenic stimuli during quiescence
states [14]. A recent study found that blocking ANG-2 inhibits
angiogenesis in the retinal vasculature of newborn mice [21]. The
present results demonstrate that altered ANG-2 expression over
time, as well as the cellular locations in the hippocampus of BCCAo rats, were similar to those for MMP-9; however, the results
of fluorescent immunohistochemistry did not show significant
alterations over time. Studies using a stroke model have observed
MMP-9 and ANG-2 expression in astrocytes [5, 22]. However,
these expression in astrocyte has not been observed in the hippocampus with chronic BCCAo, although a very few ANG-2 signals
were observed in the astrocytes. Therefore, our findings suggest
that MMP-9 and ANG-2 are activated as components of different
https://doi.org/10.5607/en.2018.27.4.299

mechanisms for initiating angiogenesis during chronic cerebral
hypoperfusion from those involved in the stroke. The present
study also examined whether ANG-2 and MMP-9 was expressed
in the blood vessels using Lectin as a marker of endothelial cell
[23]. However, Lectin-positive signals were not co-localized with
MMP-9- or ANG-2-positive signals.
The cellular locations of ANG-2 and MMP-9-positive signals
after BCCAo have not yet been reported. MMP-9 is reported to
be predominantly but not exclusively expressed in neurons in the
rat hippocampus [24], and ANG-2 is produced by endothelial
cells and expressed at sites of endothelial cell activation at basal
state [25]. Several studies have reported that MMP-9-positive
signals were seen in microglia, neuron, and astrocytes after stroke
or hypoxia-ischemia [5, 26]. Another study using a stroke model
has reported that ANG-2 was expressed in astrocytes of subventricular zone progenitor cells [22]. On the other hand, our findings showed that ANG-2 and MMP-9 were primarily located in
neurons following BCCAo. These results imply that mechanisms
of angiogenesis by angiogenic factors during chronic cerebral hypoperfusion might be different from angiogenesis during stroke.
www.enjournal.org
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Fig. 6. Alterations in angiogenesis-related
factors and cytokines over time following
bilateral common carotid artery occlusion
(BCCAo). (A) Western blots of hippocampal
vascular endothelial growth factor (VEGF,
n=5), cyclooxygenase-2 (COX-2, n=4), transforming growth factor β (TGF-β, n=4), and
hypoxia inducible factor-1α (Hif-1α, n=4).
(B) Hippocampal VEGF levels by quantified results of western blots significantly
increased at 4 and 8 weeks (*) after BCCAo,
compared to controls. (C) Fluorescent immunohistochemistry of hippocampal VEGF.
(D) Hippocampal Hif-1α significantly
increased at 4 weeks and 8 weeks following
BCCAo compared to controls (*). (E, F) Hippocampal COX-2 and TGF-β increased at 1
and 4 weeks following BCCAo (*), although
expression returned to control levels by 8
weeks (#, ##). Scale bar, 100 μm.

However further studies are necessary to explore the mechanisms
underlying functional recovery by angiogenic factors following
BCCAo.
ANG-2 expression might initiate angiogenesis by reducing vascular stability and play a major role in vascular angioplasticity [14].
In addition, MMP-9 induce angiogenesis by regulating pericyte
detachment from vessels [2]. After the physical barrier is removed,
downstream of angiogenic signaling is activated under the influence of the Hif-1α with its regulated gene VEGF. Previous study
has demonstrated that vascular growth was preceded by vascular
regression in a stroke model, correlating with an alteration of
VEGF/ANG-2 balance. Therefore, these reports and our present
results suggest that MMP-9/ANG-2 and VEGF/HIF-1α are triggered after ischemia over different recovery periods [27]. Specifically, expression levels of MMP-9 and ANG-2 were increased prior
to the other angiogenic factors such as VEGF and Hif-1α following
BCCAo. These results imply that MMP-9 and ANG-2 play a major
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role in initiating angiogenesis though the other factors are also
needed to process angiogenesis. Thus, regulation of MMP-9 and
ANG-2 at early point following chronic cerebral hypoperfusion
might be important for functional recovery.
Furthermore, VEGF contributes to microvessel sprouting [18]
and mediates neovascularization [17]. VEGF promotes blood
vessel growth, as well as synapse formation and maturation [28].
Furthermore, previous studies have reported that combined ANG2 and VEGF treatment facilitates angiogenesis [29]; therefore,
hippocampal VEGF was measured over time following BCCAo.
Interestingly, hippocampal VEGF expression did not significantly
differ in BCCAo rats compared to controls at 1 week, although
VEGF was significantly increased at 4 weeks and 8 weeks. Moreover, HIF-1α is an angiogenesis regulator following VEGF induction [30] and increases with chronic cerebral hypoperfusion
[31]. Several studies have demonstrated that VEGF is regulated
by MMP-9, which may mediate the angiogenic switch [32]. Our
https://doi.org/10.5607/en.2018.27.4.299
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results therefore suggest that increased MMP-9 following BCCAo
may contribute to upregulated VEGF expression. In addition, HIF1α induces VEGF mRNA expression in response to hypoxia [33].
We observed that expression of Hif-1α increased gradually following BCCAo, which is consistent with a previous study [31]. Finally,
ANG-2 is also activated by inflammatory factors such as TGF-β
and COX-2 [14, 20, 22]. In the present study, hippocampal expression of these inflammatory factors gradually increased following
BCCAo.
The present study showed that neuronal MMP-9 and ANG-2
are released in the short-term phase, whereas VEGF and VEGFrelated factor expression increase in the long-term phase following BCCAo. These findings may result from active regulation of
angiogenesis-related factors at different time points following
BCCAo. Considering that angiogenesis contributes to functional
recovery during the chronic post-stroke phase [14, 34], regulating
angiogenesis-related factors at the appropriate points in recovery
may be useful for treating the pathology associated with vascular
dementia and other neurovascular diseases. Therefore, these findings suggest that ANG-2 and MMP-9 are released from neurons in
response to cerebral hypoperfusion, and therefore may contribute
to angiogenesis.
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