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Abstract
Excessive activation of gelatinases (MMP-2/-9) is a key cause of detrimental outcomes in

neurodegenerative diseases. A single-dimension zymography has been widely used to de-

termine gelatinase expression and activity, but this method is inadequate in resolving com-

plex enzyme isoforms, because gelatinase expression and activity could be modified at

transcriptional and posttranslational levels. In this study, we investigated gelatinase iso-

forms under in vitro and in vivo conditions using two-dimensional (2D) gelatin zymography

electrophoresis, a protocol allowing separation of proteins based on isoelectric points (pI)

and molecular weights. We observed organomercuric chemical 4-aminophenylmercuric

acetate-induced activation of MMP-2 isoforms with variant pI values in the conditioned me-

dium of human fibrosarcoma HT1080 cells. Studies with murine BV-2 microglial cells indi-

cated a series of proform MMP-9 spots separated by variant pI values due to stimulation

with lipopolysaccharide (LPS). The MMP-9 pI values were shifted after treatment with alka-

line phosphatase, suggesting presence of phosphorylated isoforms due to the proinflamma-

tory stimulation. Similar MMP-9 isoforms with variant pI values in the same molecular

weight were also found in mouse brains after ischemic and traumatic brain injuries. In con-

trast, there was no detectable pI differentiation of MMP-9 in the brains of chronic Zucker

obese rats. These results demonstrated effective use of 2D zymography to separate modi-

fied MMP isoforms with variant pI values and to detect posttranslational modifications under

different pathological conditions.
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Introduction
Matrix metalloproteinases (MMPs) are a family of 26 zinc-dependent endopeptidases that pos-
sess structurally similar hemopexin, propeptide, and catalytic domains. Even though MMPs are
involved in cell remodeling and dynamical homeostasis during development, aberrant regula-
tion and activity of MMPs, particularly the gelatinase (MMP-9/2), have also been shown in
pathological conditions, including angiogenesis in cancer, disruption of the blood—brain barri-
er, as well as neuroinflammation in stroke and traumatic brain injury (TBI) [1–7]. There is
sufficient evidence indicating that gelatinases can generate autoimmunity and skew immune
functions, such as cleaving myelin basic protein, type II gelatins, as well as cytokines and chemo-
kines into remnant fragments [8]. Dysregulation of immune homeostasis can lead to autoim-
mune diseases such as multiple sclerosis, rheumatoid arthritis and diabetes [9,10]. Under these
pathological conditions, MMPs can be regulated at different levels, including transcriptional
[11] and posttranslational modifications, and inhibition of enzymatic activity by endogenous
tissue inhibitors of metalloproteinases (TIMP). In particular, MMPs have been shown to under-
go posttranslational modifications by peroxynitrite-induced protein S-glutathiolation in vitro
[12] and by nitric oxide (NO)-mediated protein S-nitrosylation after cerebral ischemia [13].

Microglia are innate immune cells that play important roles in responding to oxidative and
inflammatory stress and to different forms of brain insults [14], such as increased microglial
activation in mice with transient bilateral common carotid artery occlusion [15]. Microglia can
be activated and change from a ramified to an amoeboid morphology in response to toxins and
proinflammatory cytokines [16] or after traumatic injury [17]. The murine BV-2 microglial
cells have been used as cell models to elucidate proinflammatory signaling pathways and re-
sponses of MMPs to endotoxin lipopolysaccharide (LPS) [18,19]. Increase in MMP-9 together
with microglia activation is associated with a number of neurodegenerative diseases. Microglial
activation is associated with induction of NADPH oxidase, an enzyme complex that generates
reactive oxygen species [20–22].

The neurovascular unit is comprised of the cerebral vascular endothelium, tight junctions,
astrocytes, pericytes, neurons, and the extracellular matrix, and is essential for the health and
function of the central nervous system (CNS) [23]. Excessive upregulation of MMPs, especially
the gelatinases, has been implicated in the disruption of cerebrovasculature in neurodegenera-
tive diseases, such as cerebral ischemia [24] and TBI [25]. There is evidence that diabetic obesi-
ty is associated with both vascular impairment and neurodegenerative conditions [26], and
MMP-9 upregulation in diabetic mice exacerbates white matter damage after stroke [27].

Substantial evidence indicates posttranslational and posttranscriptional modifications of
gelatinases in pathological conditions and in response to pro-inflammatory cytokines. In mouse
calvarial cultures, the levels of both pro- and active forms of gelatinases were increased in the
conditioned medium upon induction by IL-1, a pro-inflammatory cytokine [28]. In another
study, posttranslational modification was observed upon exposing HT cells to PKC activator
and by reacting purified MMP-2 with PKC [29]. These results suggest that inflammation-
induced transcriptional and posttranslational modifications can be a key mechanism for upre-
gulation and activation of gelatinases under pathological conditions.

Zymography is a highly sensitive method used to detect protease activities by visualization
of the conversion of their substrates [30]. This method can differentiate proteins based on their
molecular weights by electrophoresis under non-reducing conditions, and followed by reacti-
vation of the enzymes and visualization of the proteolytic activity of gelatinases by staining
with Coomassie blue. In this study, we applied a two-dimensional (2D) gelatin zymography
technique that combines isoelectric focusing (IEF) with zymographic electrophoresis to achieve
significant improvement in separation of the enzymatic isoforms in various pI values. Using
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this assay protocol, we detected modifications of gelatinase isoforms with different pI values,
and observed differences in gelatinase isoforms in cell and brain tissues from rodent models
subjected to acute brain injuries and chronic metabolic disorder.

Results

Gelatinase isoforms identified from HT1080 cell conditioned medium by
2D zymography
To determine if various enzymatic patterns, including enzyme posttranslational isoforms, af-
fect enzymatic activity, non-reducing 2D zymography was performed. In this study, gelatinases
present in the conditioned medium of HT1080 cells (human fibrosarcoma cells with abundant
gelatinases) were enriched with gelatin Sepharose 4B (gelatin 4B) and subsequently analyzed
using 1D and 2D zymography. Gelatinases separated by different pI values and molecular
weights were visualized as transparent spots on Coomassie blue-stained gels. A 92-kDa pro-
formMMP-9 (proMMP-9) spot with pI value between 3 and 4, and a 65-kDa proMMP-2 spot
with pI value between 4 and 5 were identified (Fig 1A). The broad-spectrumMMP inhibitor
1,10 phenanthroline (1,10 PA), which was exposed to the enriched HT1080 cell condition me-
dium, attenuated the intensity of MMP-9 and MMP-2 spots (Fig 1B), confirming the presence
of MMP-2 and MMP-9 with different pI values. To test the sensitivity of gelatinase activity,
1–2 ng of purified MMP-9 was analyzed using 1D and 2D zymography with overnight incuba-
tion at 37°C, and displayed intensive spots with gelatinase activity (S1 Fig). From these in vitro
studies, we demonstrated 2D zymography as an effective method for determination of sub-
nanogram quantities of gelatinases with various pI values.

2D zymography was used to analyze the HT1080 conditioned medium after the enriched
conditioned medium was exposed to organomercury 4-Aminophenylmercuric acetate
(APMA), an agent known to activate gelatinases. Because kinetics for in vitro activation of
MMP-2 and MMP-9 may be different, HT1080 conditioned medium was exposed to APMA
for 2 h or 18 h accordingly. At 2 h after exposure to APMA, gelatinases were separated into
four main bands―proMMP-9, proMMP-2, active MMP-2 (act.MMP-2) and fragments
(Fig 2A). After 18 h exposure, proMMP-9 was activated into the active form with lower molec-
ular weight. Interestingly, after APMA activation, 2D zymography for proMMP-9 and
proMMP-2 still showed one transparent spot each, whereas a number of spots can be identified
as act.MMP-2 at 60 kDa and seven spots identified as MMP-2 fragments with pI variants
(Fig 2B). Activated MMP-9 (act.MMP-9) did not show pI changes (Fig 2C). In the close-up
region of gelatin zymogram (Fig 2D), four main spots of act.MMP-2 had similar molecular
weights, but were separated by their different pI values. These isoforms were not able to be dis-
tinguished by the conventional 1D zymography protocol.

Gelatinase isoforms from the conditioned medium of LPS-stimulated
BV-2 microglial cells
In this study, we further examined gelatinase activity, this time in BV-2 microglial cells upon
stimulation with LPS. 1D zymography indicated the presence of proMMP-9 bands in the con-
ditioned medium after exposing BV-2 cells to LPS (100 or 500 ng/mL) for 16 h (Fig 3A). In 2D
zymography, proMMP-9 was visualized as a series of spots with pI values ranging from 3.5 to 7
(Fig 3B), compared to a single spot detected from the HT1080 conditioned medium (Fig 1A).
MMP-2 did not display a pI shift.

Because LPS is known to stimulate a number of protein kinases in microglial cells, it is rea-
sonable to examine whether changes in the pI shifts of MMP-9 after LPS stimulation is due to
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phosphorylation of the protein. Conditioned medium from LPS-stimulated BV-2 cells was
concentrated with gelatin 4B and then subjected to dephosphorylation by incubation with alka-
line phosphatase. After treatment with alkaline phosphatase, pI value of the central spot of
MMP-9 isoform was shifted from approximate 5.60 to 5.25 with large reduction in gelatinase
activity (Fig 4). These results suggest phosphorylation occurred in MMP-9 isoforms associated
with increase in LPS-induced enzymatic activity.

Gelatinase isoforms identified from mouse brain tissue after focal
cerebral ischemia
Excessive MMP-9 activity is known to be involved in brain injury such as stroke, and exacer-
bates neuronal apoptosis and impairment of neurovasculature. In this experiment, we used the

Fig 1. Identification of gelatinase isoforms from HT1080 cell conditional medium by 1D and 2D
zymography. After incubating with gelatin Sepharose 4B (gelatin 4B) overnight in conditioned medium of
HT1080 cells 1D and 2D zymography was performed. Transparent spots (2D) and bands (1D, right side of
the gel) revealed proteolytic activity of gelatinases. (A) 2D zymogram showed a 92-kDa proMMP-9 spot with
pI value between 3 and 4, and a 65-kDa proMMP-2 spot with pI value between 4 and 5, corresponding to the
respective molecular weights of the bands resolved by 1D zymography on the right of the same gel. (B)
Conditioned medium of HT1080 cells treated with or without a broad-spectrumMMP inhibitor 1,10 PA were
loaded to two IEF dry strips. After IEF separation, these two strips were cut in the pI values ranging from 3 to 6
based on the 2D zymography mapping in Fig 1A, then loaded on the same SDS-PAGE gel for comparison.
MMP inhibitor 1,10 PA attenuated gelatinase activity compared to the untreated control.

doi:10.1371/journal.pone.0123852.g001
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Fig 2. 2D zymography reveals gelatinase isoforms from HT1080 cell conditionedmedium in vitro exposed to APMA. After incubating with conditioned
medium of HT1080 cells, gelatin 4B were exposed to 1 mM APMA, 2 h for MMP-2 activation or 18 h for MMP-9 activation. (A) 1D gelatin zymography
revealed gelatinase activity after exposure to APMA. (B, C) Gelatinase isoforms were detected using 2D zymography. Samples with 2-h and 18-h incubation
with or without APMA were loaded to IEF dry strips. After IEF separation, strips were cut in the pI values ranging from 3 to 6 and loaded on the same
SDS-PAGE gel for comparison, respectively. (D) Enlarged photograph of the 2D zymogram displayed 4 isoforms and multiple fragments of active MMP-2.
These zymograms are representative results from 4 independent experiments.

doi:10.1371/journal.pone.0123852.g002

Fig 3. 2D zymography reveals gelatinase isoforms from LPS-stimulated microglial BV-2 cells conditioned medium. (A) BV-2 cells were treated with
100 or 500 ng/ml endotoxin lipopolysaccharide (LPS) for 16 hr. Proteolytic activity of gelatinases was visualized as a single band of proform of gelatinases
(proMMP-2 and proMMP-9) by 1D zymography. (B) In 2D zymograms, proMMP-9 isoforms were visualized as a serious 105-kDa transparent spots with pI
values ranging from 3.5 to 7 and proMMP-2 as a 65-kDa single spot with pI value between 4 and 5. These zymograms are representative results from 3
independent experiments.

doi:10.1371/journal.pone.0123852.g003
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focal cerebral ischemia model in mice induced by filament insertion to occlude the middle ce-
rebral artery of mice (MCAo). Quantification of gelatinase activity in the ischemic cortex 24 h
after MCAo showed a significant increase in levels of both proMMP-9 and act.MMP-9 in the
ischemic cortex as compared to the contralateral region (Fig 5A). In 2D zymography, a
105-kDa proMMP-9 spot with pI value between 3 and 4 was observed in the contralateral
hemisphere (Fig 5B). In contrary, an additional streak of proMMP-9 at 105-kDa and an addi-
tional streak of act.MMP-9 at 95-kDa were identified in the ischemic hemisphere. Both of the
streaks had pI values ranging from 5.5 to 8.0.

Neuroinflammatory responses in mouse brain after focal ischemia
We next investigated microglia and NADPH oxidase activation, and neuronal cell death after
MCAo using immunofluorescent staining. The amoeboid form of activated microglia and
upregulation of the NADPH oxidase subunit p47phox were observed in the ischemic cortex,

Fig 4. 2D zymography detects phosphorylation of MMP-9 isoforms from LPS-stimulated microglial
BV-2 cells conditioned medium. BV-2 cells were treated with 100 ng/mL LPS for 16 h. Conditioned medium
was enriched by gelatin 4B, incubated with 10 unit alkaline phosphatase (37°C, 1 h), and then analyzed by
2D zymography. Central spot of MMP-9 shifted from pI 5.60 to 5.25 after alkaline phosphatase treatment.
These zymograms are representative results from 3 independent experiments.

doi:10.1371/journal.pone.0123852.g004
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but not in the contralateral cortex (Fig 6). Neuronal cell death and dendritic degeneration were
observed in ischemic cortex, indicating that there was proinflammatory response-induced neu-
ronal cell death in the ischemic cortex.

Gelatinase isoforms from mouse brain after TBI
TBI has been shown to cause increases in MMP-9 in the brain. Using the controlled cortical
impact model, 2D zymography showed proMMP-9 as a single spot at 105-kDa with pI value
between 3 and 4, and a streak with pI values ranging from 5.5 to 8 in the contralateral hemi-
sphere at 6 h after injury (Fig 7). In the lesioned hemisphere, the intensity of MMP-9 streak
was much higher, and the MMP-9 spot with pI between 3 and 4 was not observed.

Increased levels of MMP-9, but not its isoforms, in brain tissues of rats
with chronic diabetic obesity
To examine whether the posttranslationally modified MMP-9 isoforms are also involved in
chronic metabolic disease, we examined cortex of the Zucker obese (ZO) rats, a rodent model
of chronic diabetic obesity. Results with 1D zymography showed higher levels of act.MMP-9 in
the ZO rats compared to the Zucker lean rats. In addition, levels of MMP-9 were reduced after
treatment of linagliptin, an inhibitor for dipeptidyl peptidase-4 enzyme to attenuate aberrant
biosynthesis and secretion of insulin to treat Type 2 diabetes (Fig 8A). With 2D zymography,
proMMP-9 and act.MMP-9 were clearly separated (Fig 8B), and no pI shift of MMP-9 was de-
tected in the ZO rats as compared to the changes induced after acute ischemic and traumatic

Fig 5. 2D zymography reveals gelatinase isoforms in mouse brains after focal cerebral ischemia.Mice were sacrificed 24 h after filament-induced
MCAo in mice. (A) 1D zymography revealed increases in proMMP-9 and act.MMP-9 levels in the ischemic cortex compared with the contralateral cortex.
Under these experimental conditions, proMMP-2 was not altered. Densitometry analysis of intensity of gelatinolytic bands represented proMMP-9 and act.
MMP-9, n = 4, *, p<0.001, comparing ischemic to contralateral cortex by one-tailed, unpaired Student’s t-test; data are expressed as mean values ± SEM.
(B) Brain lysate was incubated with gelatin 4B and applied on 2D gels. In contralateral hemispheres, proMMP-9 was identified as a 105-kDa single spot with
pI value between 3 and 4, and proMMP-2 as a 65-kDa single spot with pI value between 4 and 5. In ischemic hemispheres, two streaks of pI values ranging
from 5.5 to 8 with the molecular weights at 105 and 95 kDa were identified as proMMP-9 and act.MMP-9, respectively. Ischemic brain lysate was applied on
the left side of the gel for comparison. These zymograms are representative results from 3 independent experiments.

doi:10.1371/journal.pone.0123852.g005
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injuries. No pI shifts of MMP-9 were found in 2D zymography of Zucker lean rats and ZO rats
after treatment of linagliptin (data not shown).

Discussion
MMPs are important enzymes required to mediate tissue homeostasis. Though most MMPs
are secreted or membrane-bound as inactive zymogens [31], posttranslational modifications

Fig 6. Microglial activation and neuronal cell death in ischemic cortex.Representative
photomicrographs of mouse cortical region of brain sections stained with microglia marker Iba-1, NADPH
oxidase maker p47phox, and neuron marker MAP-2. Nuclear DNA was counterstained with Hoechst dye.
Scale bar, 50 μm.

doi:10.1371/journal.pone.0123852.g006
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have been shown as important factors in regulating the functional activities of MMP-2 [29].
Posttranslational modifications such as glycosylation, sialylation, nitrosylation, and phosphor-
ylation of gelatinases have been demonstrated as important in regulating their functional
activities [13,29,32,33]. Since posttranslational modifications of proteins result in a pI shift,
identification of modification isoforms of MMPs may provide mechanistic insight into the
roles of gelatinases in pathological processes of neurodegenerative diseases.

Gelatin zymography is an established, simple and sensitive assay to analyze MMP activity in
biological samples [34]. However, identification of isoforms of gelatinases based on the molec-
ular weight by 1D zymography does not differentiate the gelatinase pI variants caused by post-
translational modifications. 2D polyacrylamide gel electrophoresis (PAGE) is one of the most
common methods to visualize protein isoforms with pI shift [35]. However, because of the very
low stoichiometry of enzyme posttranslational modifications in in vivo, the modification
isoforms of MMPs may remain undetected on the conventional 2D gels. 2D zymography
combines 2D PAGE and zymography providing two-dimensional separations and thus help to
resolve the complex isoforms of MMPs with high sensitivity. 2D zymography was first intro-
duced to detect posttranslational modifications of gelatinases in explanted hearts from coro-
nary heart disease patients [36], and was recently reported to identify heterogeneous isoforms
of gelatinases and their charge variants in sera of patients with multiple sclerosis [33].

Fig 7. 2D zymography reveals enzymatic isoforms of gelatinases in TBI mouse brains.Mice were
sacrificed 6 h after CCI-induced TBI. In contralateral hemispheres, proMMP-9 was identified as a 105-kDa
single spot with pI value between 3 and 4 and a 105-kDa streak of pI values ranging from 5.5 to 8. In lesioned
hemispheres, proMMP-9 was identified as a streak with higher intensity of pI values ranging from 5.5 to 8.
Traumatic brain lysate was applied on the left side of the gel for comparison. These zymograms are
representative results from 4 independent experiments.

doi:10.1371/journal.pone.0123852.g007
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In this study, we used 2D zymography to analyze activity of gelatinases enriched from con-
ditioned medium of HT1080 cells. Our results showed a number of modification isoforms with
different pI values, suggesting that 2D zymography is an effective assay to detect modification
isoforms of gelatinases. Our results are consistent with other reports about changes in protease
isoforms from green kiwi fruit [37], bacillus [38], snake venom [39,40], marine sponges [41]
and Atlantic cod muscle [42]. Oxidative stress, such as peroxynitrite, is known to be involved
in the activation of MMPs through a mechanism that does not involve the proteolytic removal
of the inhibitory pro-peptide domain [12,43]. Therefore, detection of proform and active form
of MMPs based solely on molecular weight identification by 1D zymography may not be

Fig 8. 2D zymography reveals enzymatic isoforms of gelatinases of brain tissues from ZO rats. (A)
Gelatinase activity from the brain tissues of the Zucker lean and obese rats was visualized using 1D gelatin
zymography. ProMMP-9, act.MMP-9 and proMMP-2 were identified as bright bands. For the act.MMP-9, ZO
vehicle-treated rats showed stronger bands than Zucker lean rats; Linagliptin ameliorates MMP-9
upregulation. (B) Gelatinase isoforms from ZO rats were visualized with 2D gelatin zymography. ProMMP-9
was identified as a 105-kDa single spot, act. MMP-9 as a 95-kDa single spot both with pI values between 3
and 4, as well as proMMP-2 as a 65-kDa single spot with pI value between 4 and 5. Purified gelatinases were
applied on 1D zymography on the left side of the same gel for comparison. These zymograms are
representative results from 4 independent experiments.

doi:10.1371/journal.pone.0123852.g008
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effective for providing results of protein modifications. Increased production of MMP-9 has
been shown in rodent lung fibroblasts, epithelial cells and macrophages upon stimulation with
proinflammatory mediators, including LPS [44,45]. In this study, we applied 2D zymography
to LPS-stimulated microglial cells and rodent models of acute brain ischemic and traumatic in-
juries, as well as rat brains of chronic diabetic obesity.

Modification of isoforms of gelatinases s was observed in BV-2 cells stimulated with LPS.
We observed a series of spots with the same molecular weight, consistent with proMMP-9,
with pI values ranging from 3.5 to 7. These findings suggest that posttranslational modifica-
tions of MMP-9 occurred in microglia upon stimulation with LPS. There are reports that
MMP-2 phosphorylation modulates its proteolytic activity in the human fibrosarcoma cell line
and detection of heterogeneous isoforms of gelatinases in sera of multiple sclerosis patients
[29,33]. In this study, the pI value of the major MMP-9 isoform was shifted from 5.60 to 5.25
with reduced gelatinase activity after treatment with alkaline phosphatase, an enzyme known
to dephosphorylate proteins. These results also suggest the significance of phosphorylation of
MMP-9 isoforms in maintaining enzymatic activity.

Excessive increase in gelatinases associated with inflammatory responses in neurodegenera-
tive diseases is well documented [3,46]. In our previous study, we observed a dramatic increase
in levels of proMMP-9 and act.MMP-9 in the ischemic cortex within 24 h after focal cerebral
ischemia, with no significant changes in MMP-2 levels [24,47]. In this study, we found that the
proMMP-9 spot with pI between 3 and 4 was in the contralateral hemisphere. In contrast, the
proMMP-9 and act.MMP-9 streaks of pI values ranging between 5.5 and 8.0 were identified in
the ischemic hemisphere. We also found pI shift of MMP-9 in the lysates of the lesioned hemi-
spheres from the mice with TBI. The streak shown in the contralateral hemisphere was likely
due to the of 15° angle at which the trans-hemispheric controlled cortical impact (CCI) was in-
duced, causing a countercoup injury. As in our previous study, we observed a dramatic increase
in levels of proMMP-9 and act. MMP-9 in the lesioned cortex within 24 h and remaining ele-
vated at 10 days after TBI with no significant changes in MMP-2 levels [48]. Studies with 2D
zymography further indicated changes in isoforms of MMP-9 with pI variants in neuroinflam-
mation in microglial cells and in the models of acute brain injuries.

Obesity is considered to be a chronic, low-grade inflammatory stress [49]. Metabolic disor-
ders are associated with type 2 diabetes which may involve in dysregulation of neurophysiology
resulting in neurodegeneration [50,51]. The Zucker rats have been reported to have insulin re-
sistance [52], distal degenerative sensory neuropathy [53], and increased oxidative and nitrosa-
tive stress [54]. In 2D zymograms of ZO rats, the proMMP-9 and act.MMP-9 were identified
as single spots with pI between 3 and 4, similar to those observed in the HT1080 in vitro activa-
tion of 2D zymograms. Unlike the acute conditions of brain injuries, 2D zymography did not
detect multiple spots with variants of pI values. Neuroinflammatory responses after acute brain
injuries are associated with upregulation of proinflammatory cytokines and cellular adhesion
molecules, followed by activation of inflammatory cells [55]. These results suggest that proin-
flammatory response-induced MMP-9 modification isoforms observed in acute brain injuries
may not participate in the chronic state associated with diabetes.

We have shown that a 2D zymography approach can improve separation of different iso-
forms of gelatinases in both in vitro and in vivo conditions. In summary, our study demonstrat-
ed that 2D zymography is an effective method to separate posttranslational modification
isoforms of proteases with variant pI values and to identify the modification isoforms of gelati-
nases that regulate their enzymatic activity in acute brain injuries, but not in chronic metabolic
diseases. Such findings provide insight into the role of gelatinase isoforms in the proteolytic
processes of enzymes and reveal the proinflammatory response-induced gelatinase characteris-
tics in neurodegenerative diseases.
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Materials and Methods
Animal protocols were approved by the University of Missouri-Columbia Animal Care and
Usage Committee. Animals were anesthetized with 2.0% gaseous isoflurane in a nitrogen/
oxygen mixture inside a sealed anesthesia chamber. Animals were sacrificed under an overdose
of isoflurane.

Cell Cultures
Human fibrosarcoma HT1080 cell line was from ATCC (Manassas, VA) [13], and the immor-
talized mouse BV-2 microglial cells were originally from Dr. R. Donato (University of Perugia,
Italy) [56]. HT1080 cells (1.0 x 105) were plated into per 35-mm dish containing poly-l-lysine-
coated 12-mm glass cover-slips and cultured in DMEM with 10% fetal bovine serum (FBS).
BV-2 cells were cultured in DMEM containing 5% heat-inactivated FBS. Both lines were main-
tained at 37°C in a saturated humidity atmosphere containing 95% air and 5% CO2. For in vivo
activation of microglial cells, BV-2 cells were cultured with 5% FBS. At 70–80% confluence,
BV-2 cells were starved with no serum medium for 4 h and treated with 100 ng/ml or 500 ng/
ml LPS in the conditioned medium for 16 h.

Experimental Models of Focal Cerebral Ischemia
Following the protocols approved by the University of Missouri-Columbia Animal Care and
Use Committee, C57BL/6J mice weighing 25–30 g were housed in a 12 h light/dark cycle and
permitted food and water intake ad libitum. Body temperature is maintained at 37°C. The
filament-induced transient MCAo was performed as described previously [13,24]. Briefly,
a silicon-coated 6–0 monofilament was introduced from external carotid artery into the circle
of Willis under isoflurane anesthesia to block the origin of the MCA. After a 90-minute occlu-
sion, the filament was then removed for reperfusion 24 h [13,24,47]. A laser Doppler flowmeter
(Moor Laboratory, London, UK) with the probe fixed on the skull surface (3 mm lateral to
midline and 2 mm posterior to the Bregma), located at the distal arterial supply of the middle
cerebral artery to measure regional cerebral blood flow. The initial reading of regional cerebral
blood flow was assigned a value of 100%, and subsequent readings were expressed relative to
this value. Mice were sacrificed with an overdose of isoflurane and transcardially perfused with
phosphate-buffered saline (PBS) to remove intravascular blood; brains were rapidly removed.

Experimental Models of Traumatic Brain Injury
The TBI procedure employed an electromagnetic (EM) impactor for CCI and was conducted as
previously described [48,57]. Briefly, 8–10 week-old adult male C57BL/6J mice (The Jackson
Laboratory, Bar Harbor, ME) weighing 20–25 g were anesthetized with 2.0% gaseous isoflurane
in a nitrogen/oxygen mixture inside a sealed anesthesia chamber. Each mouse was then stably
placed on a Kopf stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). Body tempera-
ture was monitored with a rectal thermistor probe (TH-10Kmp, Cell MicroControls, Norfolk,
VA), and maintained at a constant 37°C on a silicon heating pad (HS-3x2.5 Heater, Cell Micro-
Controls, Norfolk, VA). Following a midline skin incision and removal of connective tissue
under sterile conditions, a 5.0 mm diameter craniotomy was performed in the left parietotem-
poral skull using a pedal-operated high-speed micro-drill mounted on the stereotaxic arm. A
5.0-mm diameter bone disc was then removed to expose the left cortex, while keeping the dura
mater intact. A MATLAB-controlled EM impactor (Leica Microsystems Impact One, St. Louis,
MO) with a 3.0-mm diameter tip was centered at 2.7 mm to the left of the midline suture and
3.0 mm rostral to lambda, at an angle of 15° with the vertical. Once the position was set, the EM
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impactor delivered a CCI with a velocity of 5.0 m/s and dwell time of 100 ms, at a depth of 2.5
mm. This operation produces a moderately severe contusion in the left parietotemporal cortex
and the underlying hippocampus as marked by pronounced behavioral deficits, but virtually no
mortality. Following impact, the original skull disc was placed back over the exposed cortex, and
the incision was sutured. Each mouse was released from anesthesia and placed in an empty cage
over a heating pad for recovery. Mice were sacrificed with an overdose of isoflurane and trans-
cardially perfused with PBS to remove intravascular blood; brains were rapidly removed.

Experimental Models of Diabetic Obesity
Zucker lean and ZO rats were purchased from Charles River, Inc. (Raleigh, North Carolina)
and cared for in accordance with National Institutes of Health guidelines. All procedures were
approved in advance by the Institutional Animal Care and Use Committee of the University of
Missouri. Four groups of rats were used: Zucker lean rats treated with linagliptin, Zucker lean
rats not treated with linagliptin, ZO rats treated with linagliptin and ZO rats not treated with
linagliptin. Linagliptin (BI 1356; (R)-8-(3-aminopiperidin-1-yl)-7-but-2-ynyl-3-methyl-1-
(4-methyl-quinazolin2-ylmethyl)-3,7-dihydro-purine-2,6-dione) was administered orally by
mixing drug with rat chow [58]. The final concentration of linagliptin in chow was 83 mg/kg;
this concentration of the drug was chosen to achieve a dose and plasma level of approximately
4 mg/kg/day and 100 nM, respectively.

1D and 2D zymography
At 70–80% confluence, conditioned medium of HT1080 cells was collected, washed, and incu-
bated with gelatin-Sepharose 4B (gelatin 4B, GE Healthcare Bio-Sciences, Piscataway, NJ) at 4°C
overnight. Different concentrations of APMA were added to the gelatin 4B beads and incubated
at room temperature with rotation for 2 or18 h, respectively. Gelatinases in brain homogenates
were extracted and detected by 1D zymography as described previously [48]. Densitometry was
measured using ImageJ software for the mean intensity of each gelatinolytic band.

In 2D zymography, after incubation with gelatin 4B, gelatinases were released from the
beads using rehydration buffer (8 M urea and 4% CHAPS) at room temperature for 40 min-
utes. Dehydrated immobiline dry strips were swelled with the protein sample for 12 h under 50
V passive rehydration overnight. Proteins were separated by IEF using the following condi-
tions: 250 V for 250 Vh; 500 for 500 Vh,1000 for1000 Vh, gradient to 5000 V for 10000 Vh,
and 5000 V for 20000 Vh. Following 1D electrophoresis the strips are equilibrated for 2 x 15
min in re-equilibration buffer, and then placed on gelatin (0.1% gelatin) SDS-PAGE gels
(10%), embedded in the agarose (1%) overlay. In order to compare different conditions, after
IEF focusing, different strips were cut and applied on the same gelatin SDS-PAGE gel. Purified
gelatinases (WBC018, R&D Systems, Inc., Minneapolis, MN and PF038, EMDMillipore, Bil-
lerica, MA) or tissue samples were applied on the side of the same gelatin as internal controls.
Gelatin zymography electrophoresis was in 120 V for 8 h. After electrophoresis, the gels were
washed with 2.5% Triton-X-100 and incubated with developing buffer for 24 h at 37°C and
then stained with Coomassie blue.

Protocol for Dephosphorylation
After treating BV-2 cells with LPS overnight, conditioned medium was incubated with gelatin
4B with or without 10 units of calf intestinal alkaline phosphatase (M182A, Promega, Madison,
WI) for 1 h at 37°C in 50 mM Tris-HCl (pH 9.3), 1 mMMgCl2, 0.1 mM ZnCl2 as previously
described [59]. Gelatinases were released from the gelatin 4B beads using rehydration buffer
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(8 M urea and 4% CHAPS) at room temperature for 40 min. Samples were then analyzed by
2D zymography as described above.

Immunohistochemistry
Brains were cut in coronal sections for immunohistochemical staining. Briefly, mice were trans-
cardially perfused with 4% paraformaldehyde and brains were dissected and preserved for 24 h
in the same buffer. Serial coronal sections (40 μm) were obtained with a vibratome (VT1200S,
Leica Microsystems, Inc., Bannockbum, IL). In most instances, a total of 150~160 40-μm tissue
sections from each brain were collected into 24-well plates. Immunohistochemistry was carried
out on brain sections for microglia with the antibody against ionized calcium-binding adapter
molecule 1 (Iba-1), neurons with microtubule-associated protein 2 (MAP-2) as well as NADPH
oxidase complex (p47phox). Briefly, fixed coronal sections from the area of interest were washed
with phosphate-buffered saline (PBS) and permeabilized with 1% Triton X-100 in PBS for 30
min. Sections were incubated with 5% normal goat serum in 0.05% Triton X-100 in PBS for 60
min, and then overnight with 0.5% normal goat serum in PBS containing the primary antibodies
(Iba-1, 1:500, Wako; MAP-2, 1:200, Sigma-Aldrich and p47phox, 1:100, Santa Cruz). The next
day, sections were washed and incubated in 0.05% Triton X-100 in PBS containing the appropri-
ate fluorophore-conjugated or biotin-conjugated secondary antibodies (1:300; goat anti-mouse
IgG-Alexa594, 1:300 goat anti-rabbit IgG-Alexa488, and 1:500 goat anti-rabbit biotin, Life Tech-
nologies/Invitrogen, San Diego, CA) for 2 h, and counterstained in a solution of 1:1000 Hoechst
dye 33342 (Life Technologies/Invitrogen, San Diego, CA) or 3,30-diaminobenzidine (Sigma-
Aldrich, St. Louis, MO). Photomicrographs of the areas of interest were captured by a Leica DMI
6000B automated epifluorescence microscope (Leica Microsystems Inc., Buffalo Grove, IL).

Statistical analysis
Data are expressed as mean values ± SEM and were analyzed by unpaired one-tailed Student's
t-test. Differences were considered significant at p<0.05 for all analyses.

Supporting Information
S1 Fig. Analysis of purified MMP-9 comparing 1D and 2D zymography. Purified MMP-9
was applied for 1D (1 ng) and 2D (2 ng) gelatin zymography. Transparent spots (2D) and
bands (1D, left side of the gel) revealed MMP-9 proteolytic activity. Representative 2D zymo-
gram showed a 92-kDa proMMP-9 single spot with pI value between 3 and 4, and a 55-kDa
MMP-9 fragment spot with pI value between 4 and 5, corresponding to the respective molecu-
lar weights of the bands resolved by 1D zymography on the left of the same gel.
(TIF)
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