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Abstract
Increased matrix metalloproteinase (MMP) proteolytic activity contributes to the pathogenesis of
many neuroinflammatory and neurodegenerative conditions in the CNS. To fully understand this
process, it is important to define the MMP expression profile of specific cell types, including the
CNS-resident cells astrocytes and microglia. While previous studies have characterized astrocyte
MMP expression by using mixed glial cultures, these results are likely complicated by the presence
of contaminating microglia within these cultures. In the current study, we sought to clarify this
complexity, by taking a novel approach to prepare pure astrocyte cultures entirely devoid of
microglia, by promoting neural stem cell (NSC) differentiation into astrocytes. The MMP expression
profile of mixed glial cultures, neurosphere-derived astrocytes, and pure microglia was characterized
by RNase protection assay. This revealed that MMP gene expression is largely cell-type specific.
Astrocytes constitutively expressed MMP-11, MMP-14, and MMP-2 and showed induction of
MMP-3 in response to IL-1β but did not respond to lipopolysaccharide (LPS). In contrast, microglia
constitutively expressed high levels of MMP-12 and showed strong induction of MMP-9 and
MMP-14 in response to LPS. Gelatin zymography confirmed that LPS and TNF-α induced strong
expression of MMP-9 in microglia but not astrocytes. In summary, these studies demonstrate that
neurosphere-derived astrocytes represent an attractive alternative system in which to study astrocyte
behavior in vitro. Using this system, we have shown that astrocytes and microglia express distinct
sets of MMP genes and that microglia, not astrocytes, are the major source of MMP-9 in response
to LPS or TNF-α.
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INTRODUCTION
In the CNS, glial cells play active roles in regulating the homeostatic balance. As an integral
part of the blood-brain barrier (BBB), astrocytes help to limit the influx of potentially toxic
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factors into the CNS (Ballabh et al., 2004; del Zoppo and Milner, 2006; Huber et al., 2001;
Janzer and Raff, 1987). They also absorb excess levels of potassium ions and excitotoxic
neurotransmitters such as glutamate (Nedergaard et al., 2003; Ransom et al., 2003; Ridet et al.,
1997). As the principal immune effector cells in the CNS, microglia also play a vital function
by maintaining immune surveillance (Carson, 2002). Following stimulation by invading
microorganisms, trauma, or as part of autoimmune disease, both astrocytes and microglia
undergo transformation into activated phenotypes (Hanisch and Kettenmann, 2007;
Kreutzberg, 1996; Raivich et al., 1999). It is now widely accepted that this cellular activation
can be both beneficial and detrimental to the overall health of the CNS. When astrocytes
undergo reactive gliosis, they provide a useful function by attempting to limit the damage
within the CNS, but this also leads to formation of a reactive glial scar (Ridet et al., 1997),
which prevents neurite regeneration (Fawcett, 1997; Fawcett and Asher, 1999) and
remyelination (Franklin and ffrench-Constant, 1996). In a similar vein, microglia respond very
quickly to stimuli and become highly migratory aggressive cells that phagocytose foreign
microorganisms and tissue debris, thus paving the way for tissue regeneration (Hanisch and
Kettenmann, 2007; Kreutzberg, 1996; Raivich et al., 1999). However, chronically activated
microglia can also lead to unwanted and excessive tissue damage, such as that which occurs
during autoimmune breakdown of myelin in multiple sclerosis (MS) (Gonzalez-Scarano and
Baltuch, 1999; Ransohoff, 1999; Trapp et al., 1999).

The matrix metalloproteinases (MMPs) are a large family of zinc-dependent endopeptidase
enzymes that in the CNS are responsible for remodeling of the extracellular matrix (ECM)
(Rosenberg, 2002; Yong et al., 2001) and cleavage of proteins present in myelin (Chandler et
al. 1995; Proost et al., 1993) and tight junction complexes (Gurney et al., 2006; Lohmann et
al., 2004; Yang et al., 2007). Together with the tissue inhibitors of metalloproteinases (TIMPs),
the MMPs form a dynamic system that maintains the homeostatic balance of ECM breakdown
or regeneration (Crocker et al., 2004; Rosenberg, 2002). In many disease states, this balance
is lost, and excessive MMP proteolytic activity is thought to contribute to the pathogenesis of
a number of CNS diseases, including MS, cerebral ischemia, Parkinson's disease, Alzheimer's
disease, and traumatic injury (Crocker et al., 2004; Rosenberg, 2002).

Recently, we analyzed the MMP expression profile in purified cell cultures of microglia and
enriched astrocytes (Crocker et al., 2006). In these studies, we used the traditional method of
mixed glial cultures to represent astrocytes, which consist predominantly of astrocytes with
variable numbers of contaminating microglia. This revealed that microglia and astrocytes
appear to show an overlapping MMP expression profile. However, as we used the mixed glial
culture system to represent astrocytes, we could not exclude the possibility that some of the
MMPs within the mixed glial cultures were originating from contaminating microglia within
this culture. This is an extremely important point, especially in light of the fact that the vast
majority of previous studies of astrocyte MMP expression employed the same mixed glial
culture system (Arai et al., 2003; Lee et al., 2003; Liu et al., 2006; Liuzzi et al., 2004; Shin et
al., 2007; Tejima et al., 2006; Wang et al., 2002). For this reason, in the current study, we took
an alternative approach to obtain pure astrocyte cultures entirely devoid of microglia, by
adapting a neurosphere culture system.

Neural stem cells (NSC) are tripotential, giving rise to neurons, astrocytes, or oligodendrocytes
(Reynolds et al., 1992; Reynolds and Weiss, 1992; Reynolds and Weiss, 1996), but importantly
not microglia (Levison et al., 2003), which are derived from the hematopoietic lineage (Hess
et al., 2004; Rezaie and Male, 1999; Simard and Rivest, 2004). In the current study, we obtained
pure astrocyte cultures by growing NSC in the presence of media containing 10% serum, which
promotes NSC differentiation into astrocytes (Brunet et al., 2004; Loo et al., 1995; Sakai et
al., 1990). After confirming astrocyte purity and a total absence of microglia in these cultures,
we then employed the RNase protection assay (RPA) to characterize the MMP expression
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profile in the three different types of culture: traditional mixed glial cultures, pure neurosphere-
derived astrocyte cultures, and pure microglial cultures. Gelatin zymography was then used to
specifically examine astrocyte and microglial expression of MMP-2 and MMP-9 at the protein
level, following stimulation by LPS, IL-1β, or TNF-α.

MATERIALS AND METHODS
Cell Culture

The use of animals in this protocol was approved by the Committee on Animal Protocols,
Department of Animal Resources, The Scripps Research Institute. Mixed glial cultures were
prepared from postnatal (day 0–2) C57Bl/6 mouse pups, as previously described (Milner and
Campbell, 2002; Milner and Campbell, 2003). Cultures were maintained in poly-D-lysine
coated T75 flasks in DMEM (Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine
serum (FBS) (Sigma-Aldrich) for 7–10 days, before being mechanically shaken to yield
microglia. Cells that maintained adherence to the flask, consisting predominantly of astrocytes,
were then plated out into six-well plates (Nunc, Naperville, IL) coated with poly-D-lysine.
Purified microglia were also plated into poly-D-lysine coated six-well plates. The purity of these
microglial cultures was >99% as determined by Mac-1 positivity in flow cytometry.

Primary cultures of neurospheres were obtained from postnatal (P0–P2) C57BL6 mouse brains
as described previously (Jacques et al., 1998; Milner, 2007). Neurospheres were subsequently
passaged every 5–7 days into fresh flasks with fresh media. Neurospheres were differentiated
into astrocytes by culturing them on poly-D-lysine coated T75 flasks in DMEM containing 10%
FBS and cultured to confluence. After 2–3 weeks, these cultures were passaged into six-well
plates and maintained in DMEM containing 10% FBS. The astrocyte purity of these cultures
was >99% as determined by GFAP positivity by immunocytochemistry. Flow cytometry and
immunocytochemistry demonstrated the total absence of Mac-1 positive cells in these cultures.

Immunocytochemistry
Mixed glial cultures and NSC-derived astrocytes were cultured on poly-D-lysine coated glass
coverslips in DMEM containing 10% FBS. All incubations were performed at room
temperature with washes in between. Cells were blocked in 5% normal goat serum (NGS) in
PBS for 30 min then live-labeled with a Mac-1 monoclonal antibody for 1 h, then incubated
with anti-rat-Cy3 for 30 min, fixed in acid/alcohol (95:5) at –20°C for 30 min, then incubated
with anti-GFAP for 1 h, followed by FITC-anti-rabbit for 30 min before being mounted in
aquamount (Polysciences, Warrington, PA). The MMP localization studies were performed
the same way except that cultures were first fixed in acetone/methanol (50:50) at –20°C for 30
min. Monoclonal antibodies against MMP-3 or MMP-9 were obtained from R&D Systems.
Monoclonal antibodies specific for the integrin subunits α1 (Ha1/29), α5 (5H10-27), α6 (GoH3)
and Mac-1 (M1/70) and isotype control monoclonal antibodies were obtained from BD
Pharmingen (La Jolla, CA). The TLR4 rat monoclonal antibody (MTS510) was obtained from
eBioscience (La Jolla, CA). The mouse monoclonal antibody against β-dystroglycan (43DAG/
8D5) was obtained from Novocastra, Newcastle-upon-Tyne, United Kingdom). The rabbit
polyclonal anti-GFAP antibody was obtained from Sigma.

RNase Protection Assay
Multiprobe RNase Protection Assays (RPA) were used to quantitatively assess changes in the
expression of MMP genes, as previously described (Crocker et al., 2006). For the RPA analysis,
mixed glial cultures, astrocytes, and microglia were maintained under serum-free conditions
for 24 h either under control conditions (no cytokines) or in the presence of LPS (20 ng/ml;
Sigma-Aldrich) or IL-1β (10 ng/ml; Peprotech, Rocky Hill, NJ). RPA analyses were performed
on total RNA samples (5–10 μg) prepared using TriReagent (Sigma-Aldrich). For analysis,
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each lane represented an RNA sample derived from individually treated wells. RPA gels were
visualized using Kodak Biomax MR autoradiography film, and densitometry was performed
on scanned images of the developed autoradiographs using NIH Image J (version 1.37)
software. Expression is presented as arbitrary units that represent the ratio of the signal intensity
for each gene relative to the internal loading control, the ribosomal protein L32. It was
determined that longer exposure times (2–7 days) were required to resolve the expression of
MMP genes, which resulted in saturation of L32 signals. To correct for this, autorad signal
intensities for the MMP genes were corrected to the L32 band intensities from shorter exposure
times (8–12 h). Analyses of MMP mRNA expression by RPA were done in triplicate.
Identification of significant treatment differences was determined using a two-way analysis of
variance followed by Newman-Keuls tests for pair-wise comparison. The null hypothesis was
rejected when p < 0.05.

Flow Cytometry
Flow cytometry was used to detect cell surface expression levels of integrins, β-dystroglycan,
and TLR4 as described previously (Milner and Campbell, 2002). Mixed glial cultures,
neurosphere-derived astrocytes, or microglia were cultured in serum-free medium for two days
before analysis. In the TLR4 experiments, cells were incubated with no cytokine, IL-1β (10
ng/ml), or LPS (20 ng/ml) for two days before TLR4 expression was analyzed. Cells were
removed from culture plates nonenzymatically using a rubber policeman. Nonspecific antibody
binding was evaluated using isotype control antibodies. The fluorescent intensity of labeled
cells was analyzed with a Becton Dickinson FACScan machine (San Diego, CA), with 10,000
events recorded for each condition.

Gel Zymography
Gelatin zymography was used to detect the activity of MMP-9, as previously described (Heo
et al., 1999). Microglial cells were plated at a density of 2 × 105 cells/well in six-well plates.
Mixed glial cultures and pure astrocytes were cultured to confluence. Mixed glial cultures,
astrocytes, or microglia were switched to serum-free conditions for two days either under
control conditions (no cytokines) or in the presence of LPS (1–10,000 ng/ml), IL-1β (1–100
ng/ml), or TNF-α (1–100 ng/ml; R&D Systems, Minneapolis, MN). After two days, cell culture
supernatants were collected and analyzed for MMP-2 and MMP-9 activity by gel zymography.

RESULTS
Establishment of Astrocyte Cultures Devoid of Microglia

The overall goal of this study was to define the MMP expression profile of astrocytes and
microglia. To do this, we first had to obtain pure astrocyte cultures entirely devoid of microglia.
While astrocyte MMP expression has been examined in previous studies, all of these used the
mixed glial culture system (Arai et al., 2003; Lee et al., 2003; Liu et al. 2006; Liuzzi et al.,
2004; Shin et al., 2007; Tejima et al., 2006; Wang et al., 2002). As mixed glial cultures contain
variable amounts of microglial cells (Liu et al., 2006; Milner and Campbell, 2002; Saura et al.,
2003), which express high levels of MMPs (Crocker et al., 2006; Rosenberg et al., 2001), it
seems highly likely that contaminating microglia will contribute to the MMP expression pattern
of astrocyte cultures obtained via the mixed glial culture method, thus complicating the
analysis. To overcome this problem, we took a different approach to obtain pure astrocyte
cultures entirely devoid of microglia, by promoting NSC differentiation into astrocytes.
Neurospheres were prepared as previously described (Milner, 2007), by culturing postnatal
neural cells under nonadherent conditions in the presence of EGF and FGF2. Cells within
neurospheres are a mixture of NSC and neural precursor cells (NPC) that have tripotential
capacity, giving rise to neurons, astrocytes, or oligodendrocytes (Reynolds et al., 1992;
Reynolds and Weiss, 1992; Reynolds and Weiss, 1996). Neurosphere differentiation into
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astrocytes was promoted, as previously described, by culturing neurospheres on adherent poly-
D-lysine coated plates in media containing high serum (10% FBS) (Sakai et al., 1990; Loo et
al., 1995; Brunet et al., 2004).

As shown in Fig. 1A, a typical mixed glial culture contains a basal layer of well-spread phase-
dark astrocytes and a superficial layer of loosely attached phase-bright microglia. Neurospheres
that were differentiated in the presence of 10% FBS also formed a flat layer of well-spread
phase-dark astrocytes, but in contrast to the mixed glial culture, these cultures contained no
loosely attached phase-bright cells. When both types of culture were treated with
lipopolysaccharide (LPS), microglia within the mixed glial culture changed morphology from
loosely attached rounded-up cells to well attached spread cells (Fig. 1A). However, consistent
with the notion that NSCs do not generate microglia, no morphologically detectable microglia
were seen in the neurosphere-derived astrocyte cultures. To confirm the lack of microglia in
these cultures, immunocytochemistry for the microglia-specific marker Mac-1was also
performed on mixed glial cultures and neurosphere-derived astrocyte cultures. As shown in
Fig. 1B, although mixed glial cultures contained a majority of GFAP-positive astrocytes, and
a small number of Mac-1-positive microglial cells, the neurosphere-derived astrocyte cultures
contained only GFAP-positive cells, with no Mac-1-positive cells present. These two types of
culture were also analyzed by flow cytometry for expression of Mac-1. Consistent with the
phase and immunocytochemical analysis, many Mac-1 positive microglia were detected in the
mixed glial cultures (varying between 5 and 20% of the cell population); however, none were
observed in the neurosphere-derived pure astrocyte cultures (Fig. 1C). Thus, the neurosphere-
derived astrocyte cultures represent a pure GFAP-positive cell population that contains no
microglial cells.

Astrocytes Derived from Neurospheres or Mixed Glial Cultures Show Similar Expression
Patterns of the Cell Adhesion Molecules, Integrins and Dystroglycan

To investigate whether astrocytes derived from neurospheres are essentially the same cells as
astrocytes within mixed glial cultures, we also compared the expression of a number of different
cell adhesion molecules between the two different cultures. We have shown previously that
astrocytes within a mixed glial culture express a specific repertoire of β1 class integrins
including, the α1, α5, and α6 subunits (Milner and ffrench-Constant, 1994; Shaw et al.,
1996) and also express an alternative class of laminin receptor, dystroglycan (Milner et al.,
2008). Confluent cultures of mixed glial cultures or pure astrocytes were switched to serum-
free conditions for two days, and then cell surface expression of adhesion molecules were
analyzed by flow cytometry. As shown in Fig. 2, mixed glial cultures and pure neurosphere-
derived astrocytes expressed similar levels of the α1, α5, and α6 integrin subunits and also of
the β-dystroglycan subunit, thus revealing a very similar expression pattern of astrocytes
obtained from the two different cell culture systems.

Expression of the LPS Receptor, TLR4 Is High on Microglia but Low on Astrocytes Derived
from Neurospheres or Mixed Glial Cultures

As previous studies have shown that TLR4 expression is much higher on microglia than on
astrocytes (Jack et al., 2005), we also examined expression of TLR4 on astrocytes from the
two different types of culture and compared this to microglia. The three different types of
culture were switched to serum-free conditions for two days, and cell surface expression of
TLR4 analyzed by flow cytometry. As shown in Fig. 3A, TLR4 was expressed by both types
of astrocyte culture but at only a relatively low level compared with microglia. Quantification
of the mean fluorescent index of the different cell types revealed that neurosphere-derived
astrocytes expressed 16.7 ± 1.5 U, mixed glial cultures expressed 18.3 ± 2.1 U, and microglia
expressed 104.3 ± 9.9 U (n = 3 experiments). Thus, TLR4 expression by the two different
astrocyte cell populations was very similar, with microglial expression approximately six-fold

CROCKER et al. Page 5

Glia. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that of astrocytes. Next, we investigated whether proinflammatory stimuli such as IL-1β or
LPS would modulate TLR4 expression on astrocytes and microglia. The three different types
of culture were incubated for two days under serum-free conditions in the presence of IL-1β
or LPS, and then cell surface expression of TLR4 was examined by flow cytometry. As shown
in the graph in Fig. 3B, neither IL-1β nor LPS significantly affected TLR4 expression by
astrocytes from either source. In contrast, microglial expression of TLR4 was significantly
increased by IL-1β (from 104.3 ± 9.9 U under control conditions to 155.3 ± 21.7 U in the
presence of IL-1β, p < 0.05) but unaffected by LPS. Thus, we have compared neurosphere-
derived astrocytes with mixed glial culture astrocytes and found that on the basis of
morphology, GFAP expression, and expression repertoire of integrins, dystroglycan, and
TLR4, these cells are essentially identical in all parameters tested. The notable exception is
that mixed glial cultures contain significant amounts of microglial cells, while the neurosphere-
derived astrocytes are totally microglial-free. This establishes neurosphere-derived astrocytes
as a good in vitro model in which to study the behavior of astrocytes, free of the complicating
effects of contaminating microglia.

Astrocytes and Microglia Express Distinct Sets of MMP Genes
Having established a reliable method to obtain microglia-free astrocyte cultures, we next
characterized MMP gene expression in the three different types of glial culture: mixed glial
culture, neurosphere-derived astrocytes, and pure microglia. After 24 h in serum-free culture,
the expression pattern of different MMP genes was examined by RNase protection assay (RPA)
using a well-characterized multiprobe set (Crocker et al., 2006; Pagenstecher et al., 1997). This
analysis revealed that under basal conditions, mixed glial cultures expressed detectable levels
of mRNA for MMP-11, MMP-12, MMP-14, and MMP-2 (Fig. 4A). Under basal conditions,
the pure astrocyte cultures expressed detectable levels of mRNA for the MMP-11, MMP-14,
and MMP-2 genes but no MMP-12 (Fig. 4B), while in contrast, microglia expressed high levels
of mRNA for the MMP-12 gene and lower levels of mRNA for MMP-9, MMP-14, and MMP-2
genes (Fig. 4C). The MMP expression profiles of the mixed glial cultures and microglia
confirm our previous findings (Crocker et al., 2006). The interesting observation from the
current study is that pure astrocyte cultures expressed all the MMPs found in mixed glial
cultures (MMP-11, MMP-14, and MMP-2), with the exception of MMP-12. As pure microglial
cultures constitutively express high levels of MMP-12, this strongly suggests that the MMP-12
gene expression detected in mixed glial cultures originates specifically from microglia.
Furthermore, by inference, it demonstrates that neurosphere-derived astrocytes and mixed glial
culture astrocytes have an identical expression pattern of MMPs.

We next examined the influence of proinflammatory mediators on glial MMP expression.
Cultures were treated with IL-1β (10 ng/ml) or lipopolysaccharide (LPS; 20 ng/ml) for 24 h,
and MMP gene expression was analyzed by RPA. In mixed glial cultures (Fig. 4A) and pure
neurosphere-derived astrocyte cultures (Fig. 4B), IL-1β induced low levels of MMP-3 gene
expression. IL-1β had no detectable effect on MMP gene expression in microglia. Interestingly,
the influence of LPS on the three types of culture was markedly different. Pure astrocyte
cultures were totally unresponsive to LPS (Fig. 4B). In contrast, LPS treatment of pure
microglia caused a strong increase in the mRNA levels for the MMP-9 and MMP-14 (Fig. 4C).
These two genes were also upregulated following LPS treatment of the mixed glial cultures,
in which MMP-3 also showed a marked increase (Fig. 4A). This LPS-induced MMP-3
upregulation was observed only in the mixed glial culture and not in the pure astrocyte or pure
microglial cultures, suggesting that it results from interplay between microglia and astrocytes.

In summary, these findings demonstrate that expression of MMP genes in CNS primary glial
cells are largely cell-type specific. Astrocytes constitutively express MMP-11, MMP-14, and
MMP-2 and show small induction of MMP-3 in response to IL-1β. Microglia constitutively
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express high levels of MMP-12, lower levels of MMP-9, and very low levels of MMP-14 and
MMP-2, but then show strong induction of MMP-9 and MMP-14 in response to LPS.
Importantly, this study demonstrates that the LPS-induction of MMP-9 in mixed glial cultures
originates from microglial cells not astrocytes.

Microglia but not Astrocytes, Express High Levels of Pro-MMP-9 Protein Following
Activation by LPS or TNF-α

As the RPA analysis indicated that microglia, not astrocytes are the source of MMP-9 following
stimulation by LPS, we next investigated whether this was also true at the level of protein
expression, by using gelatin zymography. The three different types of culture were maintained
under serum-free conditions for two days, either under control conditions (no cytokines) or in
the presence of LPS (10–1000 ng/ml), IL-1β (1–100 ng/ml), or TNF-α (1–100 ng/ml). Previous
studies have shown that these factors induce MMP-9 expression in mixed glial cultures (Arai
et al., 2003; Crocker et al., 2006; Lee et al., 2003; Liu et al., 2006; Liuzzi et al., 2004) and have
often been interpreted as showing that LPS, IL-1β, or TNF-α promote astrocyte expression of
MMP-9. After two days incubation, cell culture supernatants were collected and analyzed for
MMP-2 and MMP-9 activity by gel zymography (see Fig. 5). This revealed that under basal
conditions, mixed glial cultures, pure neurosphere-derived astrocytes and pure microglia all
expressed MMP-2 but no detectable MMP-9. MMP-2 expression in mixed glial cultures or
pure astrocyte cultures was not significantly altered by LPS, IL-1β, or TNF-α. Following
stimulation by LPS, both mixed glial cultures and microglia showed strong induction of
MMP-9. Consistent with previous observations (Milner et al., 2007), microglia expressed the
higher molecular mass (92 kD) pro-MMP-9 form but none of the lower molecular mass (82
kD) activated form. In contrast, and consistent with our RPA data, pure neurosphere-derived
astrocyte cultures showed no induction of MMP-9 in response to LPS, even at the highest dose
tested (10 μg/ml). IL-1β-induction of MMP-9 was not detected in any of the cultures. In a
similar manner to LPS, TNF-α strongly induced pro-MMP-9 in the mixed glial and pure
microglial cultures. By contrast, TNF-α promoted only very low levels of pro-MMP-9
expression in pure astrocyte cultures. In summary, these gel zymography experiments support
the RPA data, in showing that expression of pro-MMP-9 was strongly induced in microglia by
LPS or TNF-α, whereas pure neurosphere-derived astrocytes did not express pro-MMP-9 in
response to LPS and showed only minimal pro-MMP-9 expression when stimulated by TNF-
α.

We also performed immunocytochemical studies on mixed glial cultures to determine which
glial cell type expresses MMP-3 or MMP-9 (see Fig. 6). In mixed glial cultures that were treated
with LPS for two days, the MMP-9 signal always colocalized to Mac-1 positive microglial
cells (Fig. 6, panels A–C). In contrast, the MMP-3 positive signal was diffusely distributed
throughout the basal layer of astrocytes and not localized to microglia (Fig. 6, panels D–F).
This supports the conclusion from the RPA and gel zymography analysis, confirming that
microglia are the dominant source of MMP-9, while astrocytes express MMP-3.

DISCUSSION
Until now, all studies of astrocyte MMP expression have employed the traditional mixed glial
culture system (Arai et al., 2003; Lee et al., 2003; Liu et al. 2006; Liuzzi et al., 2004; Shin et
al., 2007; Tejima et al., 2006; Wang et al., 2002), which contains microglia in addition to
astrocytes (Milner and Campbell, 2002; Saura et al., 2003; Liu et al., 2006). As microglia also
strongly express their own MMPs, this has complicated the interpretations of studies using this
culture system. In the current work, we used an alternative approach of differentiating NSC
into astrocytes, as a strategy to obtain pure astrocyte cultures devoid of microglia, and then
compared the MMP expression profiles of mixed glial cultures with pure cultures of astrocytes
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or microglia. Three main conclusions arose from this study. First, neurosphere-derived
astrocytes represent a valid and reliable system to obtain pure astrocyte cultures, free of
microglia. Second, microglia and astrocytes show distinct MMP expression profiles. Third,
microglia, but not astrocytes, are the major source of MMP-9 in response to the
proinflammatory mediators LPS or TNF-α.

Derivation of Pure Astrocyte Cultures from NSC
The vast majority of cell culture studies of astrocytes have used the traditional mixed glial
culture system (Arai et al., 2003; Lee et al., 2003; Liu et al., 2006; Liuzzi et al., 2004; Shin et
al., 2007; Tejima et al., 2006; Wang et al., 2002). However, it is very difficult to totally remove
all microglia from mixed glial cultures as microglia are located not just on top of the astrocytes
but also within the astrocyte monolayer (Saura et al., 2003). Consequently, after removal of
the microglial top layer by mechanical shaking, there is a fairly rapid reconstitution of this
layer due to microglial migration from within the astrocyte layer. Most studies estimate that
the astrocyte purity of these cultures never exceeds 95%, with the remaining 5% cells being
microglia (Liu et al., 2006; Milner and Campbell, 2002; Saura et al., 2003). Recently, a new
method was described to more effectively remove microglia from mixed glial cultures, which
involves treating the cultures with Ara C for 5–6 days followed by a short exposure (60 min)
to L-leucine methyl ester (LME) (Hamby et al., 2006).

In this study, we took a novel approach to obtain pure astrocyte cultures entirely devoid of
microglia. NSCs are tripotential, giving rise to neurons, astrocytes, and oligodendrocytes
(Reynolds et al., 1992; Reynolds and Weiss, 1992; Reynolds and Weiss, 1996). Importantly,
microglia are not derived from NSCs (Levison et al., 2003); rather they are derived from
hematopoietic origin and colonize the CNS during development (Hess et al., 2004; Rezaie and
Male, 1999; Simard and Rivest, 2004). In this study, NSC differentiation into astrocytes was
promoted by culturing neurospheres in 10% FBS, as previously described (Brunet et al.,
2004; Loo et al., 1995; Sakai et al., 1990). Using this approach, microglia were never observed
in these cultures, and both immunocytochemistry and flow cytometry confirmed that Mac-1-
positive microglial cells were entirely absent from these cultures.

An important issue regarding these cultures is to what degree neurosphere-derived astrocytes
resemble those from a mixed glial culture. We observed that both sources of astrocyte displayed
similar morphology by phase microscopy and all cells in culture expressed high levels of GFAP
(see Fig. 1). Cell surface expression of the α1, α5, and α6 integrin subunits, the β-dystroglycan
subunit, and TLR4 was near identical for astrocytes from the two different sources. Previous
studies have shown that the two sources of astrocyte show similar expression profiles of αv
integrins (Milner et al., 2001), and as astrocyte αv integrins show developmental regulation,
this implies that neurosphere-derived astrocytes and mixed glial astrocytes are at an equivalent
stage of differentiation. In addition, the RPA analysis showed that in the basal state,
neurosphere-derived astrocytes expressed an almost-identical pattern of MMP genes as the
astrocyte-enriched population of the mixed glial culture. The only exception was that the mixed
glial culture also expressed MMP-12, but as we have shown that MMP-12 (macrophage
metalloelastase) is expressed at very high levels by microglia (Crocker et al., 2006), this
strongly implies that all the MMP-12 present in mixed glial cultures emanates from microglia.
Finally, we have found that neurosphere-derived astrocytes and mixed glial cultures express
an identical pattern of tissue inhibitor of metalloproteinases (TIMP) genes (Crocker and Milner,
manuscript in preparation). When taken together, these combined analyses indicate that the
two different sources of astrocyte are largely equivalent. As neurosphere-derived astrocyte
cultures are pure and contain no contaminating microglia, this system represents a preferable
alternative for preparing astrocyte cultures, when compared with traditional mixed glial
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cultures. This has significant implications, not just for the study of MMP/TIMP expression,
but also for examining many other facets of basic cell biology in astrocytes.

Glial Cell-Specific MMP Expression
A clear message to emerge from these studies is that astrocytes and microglia express distinct
sets of MMP genes. Astrocytes were found to constitutively express MMP-11, MMP-14, and
MMP-2 and showed small induction of MMP-3 in response to IL-1β. In comparison, microglia
constitutively expressed high levels of MMP-12, lower levels of MMP-9 and even low levels
of MMP-14 and MMP-2 but then showed strong induction of MMP-9 and MMP-14 in response
to LPS. The high level of MMP-12 expression by microglia is consistent with previous
observations showing MMP-12 expression in macrophage-like cells in demyelinated lesions
of both MS patients and in EAE (Vos et al., 2003; Toft-Hansen et al., 2004).

Of all MMPs, MMP-9 has probably attracted the most interest. MMP-9 has been implicated
in the pathogenesis of many different CNS disorders, including multiple sclerosis (MS)
(Anthony et al., 1997; Maeda and Sobel, 1996), ischemic stroke (Cunningham et al., 2005;
Lee et al., 2004; Rosenberg et al., 2001), and neoplasia (Rao et al., 1996; Yamamoto, et al.
1996). In MS, MMP-9 levels are markedly upregulated during demyelination (Anthony et al.
1997; Cossins et al., 1997; Maeda and Sobel, 1996), and in an animal model of demyelination,
MMP-9 knockout mice are resistant, at least early in life (Dubois et al., 1999). From the wealth
of studies, it appears that several different cell types within the CNS can produce MMP-9,
including microglia (Kauppinen and Swanson, 2005; Liuzzi et al., 1999), astrocytes (Arai et
al., 2003; Muir et al., 2002), and oligodendrocytes (Oh et al., 1999; Larsen et al., 2003; Larsen
et al., 2006).

Several in vitro studies have suggested that astrocytes express MMP-9 in response to LPS
(Lee et al., 2003; Liu et al., 2006; Liuzzi et al., 2004; Shin et al., 2007) and other
proinflammatory mediators, including TNF-α (Arai et al., 2003). However, as these studies
employed the traditional mixed glial culture system, which contain significant amounts of
microglia, we reasoned that the MMP-9 expression in these cultures may be a product of
microglia rather than astrocytes. In our current study, both the RPA and gel zymography clearly
demonstrated that microglia, but not astrocytes, are the major source of MMP-9 following
stimulation by LPS or TNF-α. LPS induced strong MMP-9 expression both in pure microglial
and mixed glial cultures but not in pure astrocyte cultures. In a similar manner, TNF-α promoted
strong MMP-9 expression in pure microglial and mixed glial cultures but not in pure astrocyte
cultures. These findings contradict the notion that astrocytes are a significant source of MMP-9
(Arai et al., 2003; Lee et al., 2003; Liu et al., 2006; Shin et al., 2007) and, instead, strongly
suggest that in previous studies of LPS-treated mixed glial cultures, it is most likely that the
MMP-9 activity came from contaminating microglia, not from astrocytes.

Cell culture studies do not always totally reflect the situation in vivo; specifically, it has been
suggested that glial cells in vitro show a partially activated phenotype, perhaps as a
consequence of contact with factors present in tissue culture serum. Importantly, the main
observation of this study, that microglia are the main source of MMP-9 in vitro, is consistent
with our previous in vivo demonstration that in the chronic inflammatory CNS of EAE affected
mice, MMP-9 is expressed specifically by microglia but not by astrocytes or oligodendrocytes.

In this study, pure astrocytes were totally unresponsive to LPS, as indicated by a lack of change
in MMP expression. Consistent with this, LPS also had no effect on astrocyte expression of
TLR4 or on the expression of TIMPs (Crocker and Milner, unpublished observations). This
lack of response to LPS is consistent with the demonstration that astrocytes express only low
levels of the LPS receptor TLR4 (Jack et al., 2005; Lehnardt et al., 2003; Lehnart et al.,
2002). It also supports our notion (Crocker et al., 2006) that in mixed glial cultures, LPS acts
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on astrocytes via an indirect mechanism, whereby LPS stimulates microglia to produce IL-1β
(Chauvet et al., 2001), which then stimulates astrocytes. This explains the LPS-induction of
astrocyte TIMP-1 in mixed glial cultures (Crocker et al., 2006) and also accounts for our
observation that IL-1β triggers astrocyte MMP-3 expression both in mixed glial and pure
astrocyte cultures, but LPS itself triggers MMP-3 expression only in mixed glial cultures.

Our analysis showed that MMP-3 is induced specifically in astrocytes following stimulation
by IL-1β. This result is consistent with previous findings (Crocker et al., 2006; Deb et al.,
2003; Falo et al., 2006; Muir et al., 2002), although it does contradict an earlier study describing
microglial MMP-3 expression following reperfusion injury in an animal model of stroke
(Rosenberg et al., 2001). The reason for this difference is presently unclear, although it may
reflect the more complex in vivo environment. In vivo, MMP-3 promotes activation of pro-
MMP-9 (Ramos-DeSimone et al., 1999), and it was recently shown that MMP-3 released from
dying neurons stimulates microglial activation (Kim et al., 2005). Taken together, this suggests
that in vivo, MMP-3 released by IL-1β-stimulated astrocytes or dying neurons may play a dual
role both to stimulate microglial activation and to activate microglial pro-MMP-9.

In summary, we have successfully generated pure astrocyte cultures entirely devoid of
microglia and demonstrated that these cells are largely equivalent to astrocytes from mixed
glial cultures. We have used this system to characterize MMP expression profiles of astrocytes
and microglia by RPA and gel zymography. This analysis revealed that astrocytes and
microglia express distinct sets of MMP genes and that microglia, not astrocytes, are the major
source of MMP-9 in response to the proinflammatory stimuli LPS or TNF-α. These findings
contradict the notion that astrocytes are a significant source of MMP-9 and, instead, strongly
suggest that in previous studies of LPS-treated mixed glial cultures (Arai et al., 2003; Lee et
al., 2003; Liu et al., 2006; Shin et al., 2007), it was most likely that MMP-9 activity came from
microglia, not astrocytes. In light of these findings, some of the interpretations drawn from
previous studies describing astrocyte expression of MMP-9 in mixed glial cultures can now
be revisited using pure cell populations.
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Fig. 1.
Neurosphere-derived pure astrocyte cultures contain no contaminating microglia. Mixed glial
cultures (MGC) and pure astrocyte cultures (astro) were prepared as described in the Materials
and Methods section, and then analyzed for the appearance of microglia, by phase (A),
immunocytochemistry (B) or flow cytometry (C). Scale bar = 50 μm. Note that under phase
microscopy (A), phase-bright microglia are seen in the MGC, both under control conditions
and in the presence of LPS (20 ng/ml), but none are present in the pure astrocyte cultures.
Immunocytochemistry (B) demonstrated the presence of many GFAP-positive astrocytes in
both the MGC and pure astrocyte cultures, but Mac-1 positive microglia were seen only in the
MGC. Flow cytometry (C) confirmed the presence and absence of Mac-1 positive microglia
in the MGC and pure astrocyte cultures, respectively.
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Fig. 2.
Comparison of cell adhesion molecule expression on astrocytes derived from neurospheres or
mixed glial cultures. Mixed glial cultures (MGC) and pure astrocyte cultures were prepared as
described in the Materials and Methods section, switched to serum-free conditions for two
days, and then analysed for cell surface expression of the integrin subunits α1, α5, and α6, and
the β-dystroglycan subunit (isotype control antibody: shaded filled line; integrin or
dystroglycan antibodies: open line). These expression profiles are representative of three
different experiments performed. Note that pure astrocytes and mixed glial astrocytes
expressed a very similar profile of integrin subunits and dystroglycan.
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Fig. 3.
TLR4 expression by mixed glial cultures, pure astrocytes, and pure microglia. Mixed glial
cultures (MGC) and pure cultures of astrocytes or microglia were prepared as described in the
Materials and Methods section, switched to serum-free conditions for two days, and then
analysed for cell surface expression of TLR4 (isotype control antibody: shaded filled line;
TLR4 antibody: open line). These expression profiles are representative of three different
experiments performed. Note that TLR4 was expressed at a similar low level by mixed glial
cultures and pure astrocytes, but at a much higher level by microglia (A). The influence of
IL-1β or LPS on TLR4 expression in astrocytes and microglia was investigated by incubating
the three different types of culture with IL-1β (10 ng/ml) or LPS (20 ng/ml) for 2 days, before
analyzing TLR4 expression by flow cytometry (B). The points represent the mean ± SD of
three experiments. Note that mixed glial cultures and pure astrocytes showed the same low
level of TLR4 expression, which was not affected by IL-1β or LPS. In contrast, microglia
express markedly higher levels of TLR4 and this was significantly increased by IL-1β.
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Fig. 4.
Analysis of the MMP expression profile in: (A) mixed glial cultures (MGC), (B) pure
astrocytes, or (C) pure microglia. The three different types of culture were prepared, as
described in the Materials and Methods section, and then cultured in serum-free medium on
poly-D-lysine coated plates. MMP expression was examined by RNase protection assay (RPA)
during control conditions (Cntl) or after 24-h stimulation by IL-1β (10 ng/ml) or LPS (20 ng/
ml) (left to right). MMP expression is presented as arbitrary units that represents the ratio of
the signal intensity for each gene relative to the internal loading control, the ribosomal protein
L32. This revealed that under basal conditions, mixed glial cultures expressed the MMP-11,
MMP-12, MMP-14, and MMP-2, while pure astrocytes expressed MMPs-11, MMP-14, and
MMP-2, but no MMP-12. Microglia expressed high levels of the MMP-12 gene and lower
levels of the MMP-9, MMP-14, and MMP-2. Quantification of the RPAs (D) revealed that
LPS stimulated induction of MMP-3 and MMP-9 in the mixed glial cultures (open bars) but
had no effect on pure astrocytes (black bars). In contrast, LPS stimulated strong expression of
MMP-9 and MMP-14 in microglia (hatched bars). IL-1β promoted MMP-3 expression in pure
astrocytes and mixed glial cultures. Asterisks indicate significance by ANOVA: *P < 0.05,
**P < 0.001 vs. mixed glial culture expression of each MMP for the same treatment.
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Fig. 5.
The influence of LPS, IL-1β, or TNF-α on MMP-9 expression in mixed glial cultures (MGC),
pure astrocytes (astro) or pure microglia. The three different types of culture were prepared,
as described in the Materials and Methods section, and then cultured in serum-free medium on
poly-D-lysine coated plates. After 2-days culture, cell supernatants were analyzed for MMP-9
activity by gel zymography. Note that LPS and TNF-α stimulated strong expression of MMP-9
in both the MGC and pure microglial cultures. In contrast, pure cultures of astrocytes did not
express MMP-9 in response to LPS and expressed only minimal levels in response to TNF-α.
IL-1β evoked no detectable MMP-9 in any of the cultures.
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Fig. 6.
Cell-type localization of MMP-3 and MMP-9 in mixed glial cultures. Mixed glial cultures were
prepared as described in the Materials and Methods section, and then subcultured on poly-D-
lysine coated glass coverslips. Cultures were treated with LPS (20 ng/ml) for two days before
being analyzed by dual immunofluorescence with antibodies against Mac-1 (A), MMP-9 (B),
Mac-1/MMP-9 merge (C), Mac-1 (D), MMP-3 (E) and Mac-1/MMP-3 merge (F). Scale bar
= 50 μm. Note that MMP-9 showed a strong colocalization with Mac-1 positive microglia,
while in contrast, MMP-3 showed a diffuse distribution in the basal layer of astrocytes and
was not colocalized to microglia.
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