
Introduction

Glioma is a kind of frequently occurring behaviorally
malignant tumor in the nervous system (NS), account-
ing for 40-50% of all NS related tumors. It is charac-
terized by invasive growth, high mortality, high recur-
rence, poor clinical prognosis and low survival time of
less than 18 months [4]. Despite intense effort, we still

fall back on surgery and radiation therapy for treatment
options. A major reason for this status is that glioma
development is molecularly a multiple-factor induced
pathological condition. Recently, accumulated eviden -
ce has pointed to metalloproteinases and aquaporins
(AQPs) as key molecules that play an important role
in glioma development, especially in tumor related brain
edema and metastasis [20].
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AQPs are a family composed of more than ten mem-
bers, which function in water shuttling, glycerol and
lipid metabolism [3]. Some specific members function
in alleviating glioma-associated lactic acidosis by
clear ing glycerol and lactate from the extracellular space
[31]. AQP4 is widely distributed in a variety of central
nervous structures, including ependymal cells lining 
the lateral ventricle and aqueduct, choroid plexuses,
pia mater, hypothalamus, supraoptic nucleus, dentate
gyrus and cerebellar Purkinje cells [25]. AQP4 has also
been reported to increase water permeability [15], and
may be involved in astrocyte swelling and brain ede-
ma [1,16,24]. AQP4 deletion provides neuroprotection
in a series of pathological settings, including a tran-
sient ischemia model of retinal injury [6]. In contrast,
AQP4 expression in glioma has not been fully eluci-
dated, and the correlation of AQP4 expression with
glioma malignancy remains controversial. 

Matrix metalloproteinases (MMPs) are a multigene
family of Zn2+-dependent enzymes, which upon acti-
vation can degrade the extracellular matrix [17], thus
exerting key functions in wound healing, bone growth
and remodeling, angiogenesis, macrophage infiltration,
and axonal growth cone extension [20, 32]. MMP lev-
el correlates with tumor invasion and metastasis. 
Significantly increased MMP-9 levels in the euglobu-
lin plasma serve as a potential tumor marker in breast
and lung cancer [11]. MMP-9 expression in response
to the signal cascade composed of TWEAK and NF-kap-
paB can lead to disruption of the neurovascular unit
(NVU) structure and increase permeability of the blood-
brain barrier (BBB) [23]. Exposure to hypoxia can cause
increased activities of MMP-9 in endothelial cells [10].
Downregulation of MMP-9 can induce apoptosome-
mediated apoptosis, a process related to inhibition of
tumor invasion both in vitro and in vivo, as well as the
inhibition of intracranial tumor growth [12]. 

MMP-9 expression correlates with glioma malig-
nancy, whereas roles of AQP4 in glioma have not been
well established. We here co-investigate the expres-
sion pattern of both molecules in different types of
glioma tissues and gliomas of different grades. 

Material and methods

Reagents 

MMP-9 antibody was obtained from DAKO (cata-
logue no. A-0150, Dako, Denmark) and Bioss Biotech-
nology Company (catalogue no. bs-0397R, Beijing, 
China). AQP4 antibody was obtained from Chemicon

(catalogue no. AB3086, Temecula, TX, USA) and Bioss
Biotechnology Company (catalogue no. bs-0634R, Bei-
jing, China). EnVisionTM Detection Kit was purchased
from DAKO (catalogue no. K4008, Dako, Denmark).
Human U87-MG glioma cells were obtained from Chi-
nese Type Culture Collection (CTCC, Shanghai, China).

Tissue microarrays

Glioma tissue microarray was prepared using
resected glioma tissues from patients diagnosed
with glioma before an operation in Beijing Tiantan Hos-
pital from January to September, 2006. 50 glioma sam-
ples graded from II to IV were collected from 35 male
and 15 female patients. Patient age ranged from 14 to 
66 years, with the average age 41.1 ± 12.5 years. Glioma
types were further confirmed through hematoxylin and
eosin staining based microscopic investigations after
the operation. Each sample was classified and scored
based on the WHO standard for tumor classification.
An experienced neuropathologist delicately selected
2 tumor areas with a diameter of 1 mm sampled in each
case to ensure they were accurately in coincidence with
the donor cases. Microarrayed tissues were sectioned
at 4 μm for immunohistochemical observations.

Immunohistochemistry of gliomas

After deparaffinization, sections were rehydrat-
ed through a graded series of ethanol to phosphate
buffer saline (PBS). Antigen retrieval was performed
using 10 mM citrate buffer (pH 6.0) at 98° for 30 min
followed by cooling down at room temperature for
at least 60 min. Then sections were subjected to 3%
H2O2 incubation for endogenous peroxidase clear-
ance. Afterwards, these sections were individually
incubated with anti MMP-9 and AQP4 antibodies
diluted in 10% normal goat serum at 1 : 200 and 1 : 50
respectively (Chemicon, USA) at 4°C overnight. The
antigen-antibody complexes were visualized using
the EnVisionTM Detection Kit (catalogue no. K4008,
DAKO, Denmark). Counterstaining was undertaken
with Meyer’s hemotoxylin. MMP-9 and AQP4 immu -
nostains were evaluated using 10× and 20× lenses
by light microscopy. MMP-9 and AQP4 expressions
were quantified as percentage of immunopositive
neoplastic cells per section. In the representative
areas, positive tumor cells were determined and
scored in a semiquantitative fashion of 0 up to 3+:
0 (–) = less than 10% weak positive tumor cells, 1+ =
= 11-25% intermediate positive tumor cells, 2+ = 26-50%
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strong positive tumor cells, 3+ = 51-100% very strong
positive cells. 

Cell culture

Human glioma U87-MG cells were routinely cultured
in the 75 cm2 plate in DMEM low glucose culture me -
dium supplemented with 10% fetal bovine serum (FBS)
and 1% each of penicillin and streptomycin mixture at
37°C in a 5% CO2 environment. Transwell methods were
used to discriminate fast migrating cells and low migrat-
ing cells. For screening, 1 × 105 cells were loaded onto
the upper well of the transwell, whose bottom surface
was contacting the medium surface in the lower well.
After cell seeding for 24 hours, the upper well was trans-
ferred to another well containing the normal cell cul-
ture medium. Cells were permitted to migrate for anoth-
er 24 hours. Migrated cells from both lower wells were
individually transferred to the 75 cm2 plate for routine
culture and further cultured for 2 passages until being
used for the immunofluorescence experiment.

Immunofluorescence

Fast migrating and slow migrating cells (1 × 104 cells/
well) were individually seeded on a cover slip in re gular
culture medium in a 24-well cell culture plate. 48 hours
after seeding, regular culture medium was aspirated
and cells were washed briefly with PBS and were fixed
with 4% PBS buffered paraformaldehyde (PFA) for 
10 min and then washed briefly with PBS. Samples were
blocked with 10% normal donkey serum (NDS) for 
30 min and incubated individually overnight at 4°C with
the following primary antibodies: polyclonal rabbit anti-
MMP-9 (1 : 200; Biosynthesis Biotechnology Co., LTD,
Beijing, China) or polyclonal rabbit anti-AQP4 (1 : 200;
Biosynthesis Biotechnology Co., LTD, Beijing, China) anti-
body. After being washed, samples were incubated 
at room temperature with secondary donkey anti-rab-
bit IgG/DylightTM 594 antibody (1 : 1000; Jackson Immu -
noResearch Laboratories Inc., PA, USA) for 120 min.
Nuclei were counterstained with Dapi. Confocal images
of U87-MG cells were acquired using an Olympus Fluo -
View FV1000 confocal laser scanning microscope
(Olympus, Japan). Dapi was excited at 405 nm, and
DylightTM 594 at 568 nm. 

Statistical analysis

Data were expressed as mean ± SEM. Independ-
ent Student’s t-test was used for the comparison

between 2 groups, with p < 0.05 as the significance 
level. 

Results

Localization of MMP-9 

In normal brain tissues, MMP-9 was selectively and
weakly detected in cytoplasm and in brain parenchy-
ma in a dotted pattern (Fig. 1A). In astrocytomas, 
MMP-9 was localized mainly in the tumor cytoplasm,
with enhanced dotted staining in the brain parenchy-
ma (Fig. 1B). By contrast, MMP-9 was selectively ex -
pressed in the cytoplasm in the oligodendroastrocy-
toma tissues (Figs. 1C, D). In astrocytoma tissues
displaying anaplastic presentation, cytoplasmic stain-
ing of MMP-9 was enhanced (Fig. 1E), and some sam-
ples displayed a perinuclear staining pattern (Fig. 1F). 
In glioblastoma tissues and anaplastic astrocytoma 
and oligodendroastrocytoma tissues, MMP-9 were
expressed in most tumor cells, where they were
mostly localized in the cytoplasm and nuclei (Figs. 1G-I).
Such a localization pattern was obvious in gliosarco-
ma samples (Fig. 1J).

Localization of AQP4

AQP4 was accumulatively and intensively localized
in the end-feet surrounding cerebrovascular walls, with
sporadic and dotted localization in the prominences
of the astrocytic cells (Fig. 2A). AQP4 was diffusely and
extensively accumulated in astrocytoma specimens,
with more intensive localization surrounding the vas-
culature and processes in the astrocytomic process-
es (Fig. 2B). In oligodendroastroglioma tissues, more
intense localization of AQP4 surrounding the vascular
walls was observed, with its selective distribution in
tumor parenchyma (Figs. 2C, D). By contrast, AQP4 was
mainly located on cellular membrane in oligodendro-
cytomas (Fig. 2E).

In locally anaplastic astrocytoma specimens, cell
density was apparently low with enhanced AQP4 local-
ization in some tangled astrocytomic processes 
(Fig. 2F) or accumulated in processes proximal to the
cell body (Fig. 2G). By contrast, in local anaplastic oligo-
dendroastrocytoma specimens, AQP4 was exclusive-
ly expressed in vasculature surrounding structures 
(Fig. 2H). Of note, in grade III oligodendroastrocytoma
with an anaplastic character of the glioblastoma, cells
displayed significant localization of AQP4 in the nucle-
us (Fig. 2I), which was also observed in the nucleus or
in the cytoplasm in the glioblastoma specimens (Fig. 2J).
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Fig. 1. Immunohistochemical staining of MMP-9 in human glioma tissues. Staining of MMP-9 was observed in
A) normal brain tissue, B) astrocytoma, C, D) oligodendroastrocytoma, E, F) ana plastic astrocytoma, G) glioblas-
toma, H) ana plas tic astrocytoma, I) anaplastic oligodendroastrocytoma, J) gliosarcoma. Scale bars = 30 μm.
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Fig. 2. Immunohistochemical staining of AQP4 in human glioma tissues. Staining of AQP4 was observed in 
A) normal brain tissue, B) astrocytoma, C, D) oligodendroastrocytoma, E) oligodendro cytoma, F, G) anaplastic
astrocytoma, H, I) anaplastic oligodendroastrocytoma, J) glioblasto ma. Scale bars = 30 μm.
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Immunohistochemical staining of MMP-9
and AQP4 in human glioma tissues

In grade II glioma specimens, 13 astrocytomas were
identified, among which the numbers of tumor tissues
for MMP-9 staining score graded from 1 to 3 were 3, 5,
and 5 respectively, and for AQP4 were 1, 7, and 5 respec-
tively. The proportion for MMP-9 staining score in 4 oligo-
dendroglioma tissues was grade 0 (1/4), grade 1 (1/4),
grade 2 (1/4), and grade 3 (1/4), and for AQP4 it was grade
3 (4/4). Among 7 oligodendroastrocytoma tumor tissues,
the distribution of staining score for MMP-9 is 0 (2/7),
1 (2/7), 2 (2/7), 3 (1/7), and for AQP4 the number is 0 (0/7),
1 (0/7), 2 (1/7), and 3 (6/7) (Tables I and II).

In grade III glioma tissues, 8 anaplastic astrocytomas
were identified, in which the proportion for MMP-9 stain-
ing score is 0 (1/8), 1 (2/8), 2 (1/8) and 3 (4/8), respec-
tively, and for AQP4 it is 0 (1/8), 1 (2/8), 2 (2/8) and 
3 (3/8). One anaplastic oligodendroglioma was identi-

fied, showing grade 3 for MMP-9 staining, but 0 for AQP4
in the staining score. Two anaplastic oligodendroas-
trocytomas showed grade 2 for MMP-9 staining, and
showed grade 1 and grade 3 for AQP4 in the staining
score. One glioblastoma was included, whose staining
score for MMP-9 is 3, but is 1 for AQP4 (Tables I and II).

Seven glioblastomas were included in grade IV
glioma tissues, among which one (1/7) showed grade
1 score for MMP-9 staining, with the others showing
grade 3 (6/7). In contrast, the proportion of AQP4 stain-
ing score in glioma tissues was 0 (2/7), 1 (3/7), and 
2 (2/7). Two astrocytomas and 4 anaplastic oligoden-
droastrocytomas, all with transition for glioblastoma,
and 1 glioma sarcomatosum were also included, all
showing 3+ in the staining score for MMP-9. Two astro-
cytomas displaying glioblastoma transition showed 
1+ and 3+ for AQP4 in the staining score. In 4 anaplas-
tic oligodendroastrocytoma tissues with glioblastoma

Grade MMP-9 expression Total Positive incidence

– + ++ +++

II

astrocytoma 3 5 5 13

oligodendroglioma 1 1 1 1 4

oligodendroastrocytoma 2 2 2 1 7

21/24

III

astrocytoma (anaplasia) 1 2 1 4 8

oligodendroglioma (anaplasia) 1 1

oligodendroastrocytoma (anaplasia) 2 2

glioblastoma 1 1

11/12

IV

glioblastoma 1 6 7

astrocytoma with transition 2 2

to glioblastoma

anaplastic oligodendroastrocytoma, 4 4

with transition to glioblastoma

glioma sarcomatosum 1 1

14/14

Table I. Staining intensity analysis of MMP-9 in the human glioma tissue microarray
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transition, the proportion for AQP4 staining score is 
0 (2/4), 2 (1/4), and 3 (1/4) respectively. One glioma
sarcomatosum showed 1+ for AQP4 (Tables I and II).

Staining score analysis

To clarify whether expression of both molecules is
related to tumor severity, we compared the staining
scores of both MMP-9 and AQP4 between glioma tis-
sues of different grades.

Staining scores of MMP-9 in glioma tissues
graded from II to IV showed a malignancy depend-
ent manner, and were 1.79 ± 1.02, 2.17 ± 1.03 and 
2.86 ± 0.53 respectively. Compared to grade II and
III, the staining score in grade IV tumor samples was
significantly higher (p < 0.01 and p < 0.05 respec-
tively). No significance was revealed when staining
scores in grade II and III tumor tissues were compared
to each other (Fig. 3).  

Grade AQP-4 expression Total Positive incidence

– + ++ +++

II

astrocytoma 1 7 5 13

oligodendroglioma 4 4

oligodendroastrocytoma 1 6 7

24/24

III

astrocytoma (anaplasia) 1 2 2 3 8

oligodendroglioma (anaplasia) 1 1

oligodendroastrocytoma (anaplasia) 1 1 2

glioblastoma 1 1

12/12

IV

glioblastoma 2 3 2 7

astrocytoma with transition 1 1 2

to glioblastoma

anaplastic oligodendroastrocytoma, 2 1 1 4

with transition to glioblastoma

glioma sarcomatosum 1 1

10/14

Table II. Staining intensity analysis of AQP4 in the human glioma tissue microarray

ap < 0.05 compared to values in the grade II glio -
mas, and bp < 0.01 compared to values in the
grade III gliomas

Fig. 3. Immunohistochemical staining score
analysis of MMP-9 and AQP4 levels in the hu -
man glioma tissue microarray.
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Fig. 4. Immunofluorescence staining of MMP-9 and AQP4 in fast migrating and slow migrating human
glioblastoma U87-MG cells. Scale bars = 20 μm.
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In contrast to MMP-9, staining scores of AQP4 in
glioma tissues graded from II to IV demonstrated
a malignancy dependent reduction manner, and were
2.58 ± 0.58, 1.67 ± 1.15 and 1.21 ± 1.05 respectively. Stain-
ing scores in both grade III and IV tumor samples were
significantly lower than that in grade II tumor samples
(p < 0.01 for both). No significance was revealed when
staining scores in grade II and III glioma tissues were
compared (Fig. 3).  

Immunofluorescence staining

We employed immunofluorescence staining to com-
pare the levels of MMP-9 and AQP4 in cells with more
migration potential and less migration potential. 
The results demonstrated that cells displaying more
migration potential expressed less MMP-9, in contrast
to those with slow migration potential. However, more
AQP4 was expressed in cells with more migration
potential, suggesting the possible involvement of
AQP4 in glioma cell migration (Fig. 4). 

Discussion

The high invasiveness and infiltrability of malignant
gliomas makes chemotherapy and gene therapy of
gliomas largely unsuccessful. In the present study, we
investigated the expression and localization of MMP-
9 and AQP4 in microarrayed human glioma tissues.
Overall, MMP-9 expression showed a malignancy de -
pendent pattern, whereas AQP4 expression showed
a negatively malignancy dependent manner. 

We primarily found that expression of AQP4 is not
absolutely dependent on the glioma malignancy, but
shows a high correlation with tumor type. This suggests
that AQP4 may selectively function in the development
and pathophysiological behaviors of human gliomas.
However, most of our knowledge about AQPs is from
the previous data about AQP1, which has been detect-
ed in cultured glioma cell lines [14]. AQP1 mRNA and
protein are present at very low levels in primary rat
brain microvessel endothelial cells [8]. In the central
nervous system, AQP1 is selectively localized in the
choroid plexus and is thought to participate in cere-
brospinal fluid production [21]. Upregulation of AQP1
was induced by DES in the female rat anterior pituitary
[34,35]. In cultured 9L gliosarcoma cells, AQP1 expres-
sion was induced by multiple conditions, functioning
as a base for potential invasion of glioma cells in the
perivascular space [14]. In astrocytomas and other
pathological conditions, AQP1 was expressed in micro -

vessel endothelia and neoplastic astrocytes and may
participate in the formation of brain tumor edema
[9,26,33]. 

In contrast to AQP1, the role of AQP4 remains to be
understood. Through stable reintroduction of either
AQP1 or AQP4 into glioma cell lines, which lost all AQP
proteins once contained in their derived cell line, McCoy
et al. [18] found that each AQP is sufficient to restore
water permeability. However, only AQP1 could enhance
cell growth and migration. And AQP4 enhanced cell
adhesion. In contrast, we found that fast migrating
glioma cells contain more AQP4 than slow migrating
cells, suggesting that this molecule may directly or indi-
rectly participate in the process of cell migration. This
suggested that AQP4 may play roles different from
those of AQP1 in glioma cell biology. 

AQPs are involved in the dynamics of brain edema
formation or resolution during subarachnoid hemor-
rhage (SAH) [2]. It has been reported that upregulation
of AQP-4, within a certain range, may facilitate the clear-
ance of water content accumulated in the extracellu-
lar space, whereas extremely increased AQP4 expres-
sion can cause accumulation of water in the glia cells,
thus leading to cell death [28]. AQP4 expression sig-
nificantly correlates with the degree of cerebral ede-
ma, possibly involved in edema clearance. The restric-
tion of AQP4 to the endfoot membrane has been
reported to be necessary for maintaining the integri-
ty of the blood-brain barrier (BBB) [29]. Since electron
microscopy revealed tight junction opening in high-
grade astrocytoma microvessels, the reduced expres-
sion of AQP4 around these regions in high-grade glioma
tissues may further lead to increased edema. AQP4 was
found to be redistributed in high-grade astrocytomas,
rather than in low-grade astrocytomas. As a result of
the breakdown of BBB, the redistribution of AQP4 in
glioblastoma cells may function as a vasogenic ede-
ma executor to facilitate reabsorption of excess fluid
[30]. This over-expression on the astrocytic processes
and disappearance of polarization on astrocytic end-
feet reinforce the hypothesis that AQPs may be
involved in the dynamics of brain edema formation or
resolution [2]. Controversial results demonstrated
that addition of glioma cells in cultured BBB content
induced a significantly decreased level of expression
of AQP4 in the astrocytes [5]. There was a significant
correlation between blood-brain barrier opening and
upregulated AQP4 expression. Increased AQP4 expres-
sion in high grade astrocytomas and adenocarcinomas
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has also been postulated to facilitate the flow of ede-
ma fluid [26].

In the present research, we found weak positivity
of AQP4 surrounding the capillary vessel in low-grad-
ed human glioma tissues, while in higher-grade sam-
ples, distribution of AQP4 was not confined to a posi-
tion contacting the basal laminae, which is involved
in the construction of the blood-brain barrier. This fur-
ther confirms previous reports about redistribution of
AQP4 with the increase of glioma grade. Thus, AQP4
and its redistribution may be grade dependent and
reflect the grade of gliomas. Ding et al. [7] reported
enhanced cell-cell adhesion ability in AQP4-downreg-
ulated LN229 cells. Increased MMP-9 expression led
to loss of agrin and dystroglycan, and is thus involved
in the disruption of the regular assembly and expres-
sion of AQP4 [21]. It is therefore postulated that migra-
tion and cell adhesion may represent two independ-
ent but key steps in the development of glioblastoma.
High expression of AQP4 may facilitate cell polarity for-
mation and shape change, thus leading to fast cell
migration. In contrast, more MMP-9 may allow longer
local cell anchoring by enhancing cell adhesion.

MMP-9 upregulation is generally indicative of the
infiltrative phenotype of glioma. More histologically
malignant astrocytomas display significantly higher
expression levels of MMP-9 compared to tumors of low-
er grades. MMP-9 was also subjected to the modula-
tion of multiple molecules, including HMGB1, which trig-
gers MMP-9 upregulation in neurons and astrocytes
predominantly via TLR4. Immunostaining with differ-
ent monoclonal antibodies against MMP-9 revealed
dynamic localization of MMP-9 at the different stages
of cell division. Intracellular MMP-9 is involved in the
process of cell division in neuroblastoma cells [27]. Roles
of MMP-9 have been strongly indicated in nuclear con-
tent reorganization and the involvement of chromatid
segmentation. Reduced MMP-9 expression also
reduced cell growth. This was further confirmed by our
observation showing nuclear localization of MMP-9 
in high graded glioblastoma and anaplastic astrocy-
tomas. Based on our histochemical observations
here, we propose that MMP-9 translocation may
exert similar functions to those described in neurob-
lastoma cells. 

In brief, our findings suggest differential expression
patterns of MMP-9 and AQP4 in different grades of
gliomas. Nuclear translocation of MMP-9 and AQP4 may
exert more functions in glioblastoma transition or dete-

rioration. Co-analysis of MMP-9 and AQP4 may help to
identify tumor type and their progression stages.
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