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Abstract

Tissue-type plasminogen activator (t-PA) expression is known to increase following transient

focal cerebral ischemia and reperfusion. Previously, we reported downregulation of t-PA upon
suppression of matrix metalloproteinase-12 (MMP-12), following transient focal cerebral ischemia
and reperfusion. We now present data on the temporal expression of t-PA in the brain after
transient ischemia, as well as the interaction between MMP-12 and t-PA, two proteases
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associated with the breakdown of the blood-brain barrier (BBB) and ischemic brain damage.

We hypothesized that there might be reciprocal interactions between MMP-12 and t-PA in the
brain after ischemic stroke. This hypothesis was tested using shRNA-mediated gene silencing and
computational modeling. Suppression of t-PA following transient ischemia and reperfusion in rats
attenuated MMP-12 expression in the brain. The overall effect of t-PA shRNA administration was
to attenuate the degradation of BBB tight junction protein claudin-5, diminish BBB disruption,
and reduce neuroinflammation by decreasing the expression of the microglia/macrophage pro-
inflammatory M1 phenotype (CD68, iNOS, IL-1p, and TNFa). Reduced BBB disruption and
subsequent lack of infiltration of macrophages (the main source of MMP-12 in the ischemic brain)
could account for the decrease in MMP-12 expression after t-PA suppression. Computational
modeling of /n silico protein-protein interactions indicated that MMP-12 and t-PA may interact
physically. Overall, our findings demonstrate that MMP-12 and t-PA interact directly or indirectly
at multiple levels in the brain following an ischemic stroke. The present findings could be useful in
the development of new pharmacotherapies for the treatment of stroke.

Keywords

ischemia; reperfusion; matrix metalloproteinase-12; tissue-type plasminogen activator; blood-brain
barrier; inflammation

1. Introduction

Worldwide, stroke remains the leading cause of death and disability. Ischemic stroke, which
occurs due to the occlusion of cerebral blood arteries, accounts for about 87% of all strokes
[1]. The two FDA-approved recanalization treatments, endovascular thrombectomy and
thrombolysis drug therapy with tissue-type plasminogen activator (t-PA), terminate ischemia
and restore blood flow, which is known as reperfusion. Transient cerebral ischemia followed
by reperfusion leads to the upregulation of several matrix metalloproteinases (MMPS)

in the ischemic brain [2,3]. The elevated MMPs damage essential components of the
neurovascular matrix and blood-brain barrier (BBB), resulting in BBB leakage, leukocyte
infiltration, brain edema, and hemorrhage [4]. MMPs also induce brain cell death by
disrupting cell-matrix signaling and homeostasis [5,6]. We previously studied the temporal
expression of all MMPs in the brain following transient cerebral ischemia and reperfusion.
We discovered that MMP-12 upregulation was many times higher than any other MMP
[2,3]. MMP-12 knockdown using shRNA-mediated gene silencing attenuated ischemic brain
damage, at least in part, by reducing the degradation of tight junction proteins and thereby
the BBB disruption, MMP-9 upregulation, apoptosis, neuroinflammation, and myelin basic
protein degradation [2,7]. Attenuating MMP-12 expression in the brain promotes post-stroke
neurological and functional recovery [8].

Within these experiments, we observed an increase in the protein expression of tissue-type
plasminogen activator (t-PA) in the brain both during the ischemic period and following
reperfusion [7]. Several prior studies have reported an increase in t-PA activity and
expression in the ischemic brain [9-11]. Primary sources of t-PA in the brain include
endothelial cells of cerebral microvessels, neurons, and local microglia [12,13]. Animal and
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human studies indicate that t-PA increases the expression and activity of MMPs, especially
MMP-9, which is well known for its role in post-ischemic BBB disruption [14-20]. We
found that suppressing MMP-12 following acute cerebral ischemia reduces t-PA expression
in the brain [7].

The temporal expression profile of t-PA in the brain following transient cerebral ischemia
and reperfusion has not been previously studied. Therefore, in this investigation, we
examined the expression of t-PA in the ischemic brain during the first week following
reperfusion. Additionally, the interplay between MMP-12 and t-PA, two proteases
implicated in ischemic brain damage, remains largely unknown. We hypothesized that
there may be direct or indirect reciprocal interactions between MMP-12 and t-PA in the
brain following an ischemic stroke. To test this idea, two different approaches (functional
and simulated) were used: shRNA-mediated gene silencing to determine whether t-PA
knockdown affects MMP-12 expression in an animal model of ischemic stroke and
computational modeling to determine whether physical interactions exist between MMP-12
and t-PA. Our findings suggest that MMP-12 and t-PA interact functionally in the brain
following an ischemic stroke, with one suppressing the expression of the other. /n silico
analysis uncovered multiple molecular sites where the two proteases may interact directly
and potentially influence each other’s activity

2. Materials and methods

2.1

Ethics and compliance statement

As stated in the Guide for the Care and Use of Laboratory Animals (Publication no. 86-23
revised, National Institutes of Health, U.S. Department of Health and Human Services), all
animal experiments were planned and conducted in accordance with the scientific, humane,
and ethical principles. The Institutional Animal Care and Use Committee (IACUC) of the
University of Illinois College of Medicine Peoria approved all surgical procedures as well

as pre- and post-operative animal care. All animal procedures conducted were in accordance
with the IACUC-approved animal protocol. In addition, studies conducted and reported were
in compliance with the “Animal Research. Reporting of In Vivo Experiments” guidelines
[21]. The Institutional Biosafety Committee (IBC) of the University of Illinois College

of Medicine Peoria approved the synthesis and isolation of plasmids containing sShRNAs
(control ShRNA and t-PA shRNA) inserted in pSilencer™ 4.1-CMV neo vector (Ambion,
Austin, TX) from bacterial cultures and their use for several in vitroand in vivo experiments
in our laboratory. The development and production of plasmids and their handling by
research personnel were in compliance with the IBC-approved protocol.

2.2. Transient focal cerebral ischemia induction in rats

A total of 94 healthy young (2-3 months old) male Sprague-Dawley rats were used in this
study. Animals were procured (Envigo Laboratories, USA) and housed in the Laboratory
Animal Care Facility at the University of Illinois College of Medicine Peoria. The housing
conditions included a 12 h light/dark cycle, controlled temperature and humidity, and free
access to food and water. Animals were randomly assigned to the following experimental
groups: Sham, Untreated (no treatment), control shRNA treated, and t-PA shRNA treated
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(Supplementary table 1). To induce ischemia, animals were subjected to a suture model right
middle cerebral artery occlusion (MCAO) as described recently by our group [22]. Removal
of the monofilament suture at a designated time (1.5 h or 2 h) after MCAQ constituted
reperfusion. Post-surgical care was provided following “/schemia Models.: Procedural
Refinements Of in Vivo Experiments”guidelines [23]. Animals were euthanized at different
time points after ischemia and their brain tissues were collected and subjected to multiple
experimental methods as described in the subsequent sections.

Design, construction, and synthesis of t-PA shRNA plasmids

We designed, constructed, and synthesized plasmids expressing t-PA shRNA (TPAsh)
specifically to silence the gene expression of t-PA. We used pSilencer™ 4.1-CMV neo
vector obtained from Ambion (Austin, TX) to construct t-PA shRNA along with a scrambled
sequence shRNA (control shRNA), which served as a control. The target t-PA mRNA
sequence (gtacatagtccataaggaatt) was chosen and used to design the inverted repeat t-PA
shRNA sequences (Supplementary Fig. 1). The inverted repeat sequences synthesized for
t-PA were laterally symmetrical, causing them to be self-complementary with a 9 base

pair mismatch in the loop region. The oligonucleotides/ultramers were annealed, and the
annealed product was ligated to the vector at the BamHI and HindlIl sites in accordance
with the manufacturer’s instructions. Scrambled sequence shRNAs were also prepared

in a similar manner. The resultant vectors were transformed into chemically competent

E. coli cells (JM109 competent cells) and cultured overnight. Plasmids expressing t-PA
shRNA or control shRNA were synthesized from the overnight bacterial culture using
QIAGEN plasmid mini kit (Qiagen, USA) in accordance with the manufacturer’s protocol.
Positive clones confirmed by gene sequencing analysis at the University of Illinois at
Urbana-Champaign were used in this study.

2.4. Plasmid isolation, preparation of nanoparticle formulation, and treatment

The positive clones of t-PA shRNA and control ShRNA were inoculated into the sterilized
Luria-Bertani media and cultured overnight at 37 °C using an orbital shaker. After 16
hours, the culture was centrifuged at 6000 g for 15 min at 4 °C to collect the pellet. The
plasmid from the pellet was extracted using a QIAGEN plasmid maxi kit (Qiagen, USA) in
accordance with the manufacturer’s protocol. The obtained plasmids were stored at —20 °C
until use in formulation preparation. The t-PA shRNA treated or control ShRNA plasmids
were formulated as nanoparticles, which are small enough to diffuse into tissues and enter
cells by endocytosis. The nanoparticle formulation was prepared using the /n vivo-jetPEI
reagent (Polyplus transfection, lllkirch, France) in accordance with the manufacturer’s
instructions. Nanoparticle formulations of t-PA shRNA or control shRNA plasmids were
administered (1 mg/kg) intravenously via tail vein to rats within 30 min of reperfusion.

2.5. Cell culture and transfection conditions

PC12 rat pheochromocytoma and C6 rat glioma cell lines were obtained from the American
Type Culture Collection (ATCC) and cultured in accordance with the manufacturer’s
protocol. Cells were maintained in ATCC-formulated F-12K medium supplemented with
2.5% fetal bovine serum and 15% horse serum in a humidified atmosphere containing

5% CO» at 37°C. The cells (~150,000) were transfected with either t-PAsh or control
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shRNA using X-treme GENE HP DNA Transfection Reagent (Roche Diagnostics GmbH,
Mannheim, Germany) as per the manufacturer’s instructions. After transfection, cells were
incubated in a serum-containing medium for a minimum of 60 h.

2.6. RT-PCR analysis and agarose gel electrophoresis

Total RNA was extracted from PC12/C6 cells and rat brain tissues using TRIzol reagent
(Invitrogen, Carlsbad, USA). One ug of total RNA from each sample was reverse transcribed
to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, USA) in accordance
with the manufacturer’s instructions. RT-PCR analysis was performed with diluted cDNAs
(1:10) obtained from various samples, diluted primers (Supplementary table 2) (1:10), and
the GoTag® Green Master Mix (Promega, USA) in accordance with the manufacturer’s
protocol. RT-PCR was performed in a C1000 Touch Thermo cycler (Bio-Rad Laboratories,
USA) using the following PCR cycle: [95°C for 5 min, (95°C for 30 sec, 58-60°C for 30
sec, 72°C for 30 sec) x 35 cycles, and 72 °C for 5 min]. RT-PCR products were resolved

on a 2% agarose gel, stained with ethidium bromide, and visualized under UV light. The
mMRNA expression of the house-keeping gene B-actin was used to normalize the mRNA
expression of t-PA. The mRNA expression of t-PA as compared to the expression of p-actin
across various groups was quantified using the ImageJ analysis (NIH) software.

2.7. Quantitative real-time PCR analysis

2.8.

Real-time PCR analysis was performed using the SYBR Green method. The reaction setup
for each diluted cDNA sample (1:10) was assembled using the iTag Universal SYBR Green
Supermix (Bio-Rad Laboratories, USA) per the manufacturer’s instructions. The forward
and reverse primer sequences (1:10 dilution in nuclease-free water) of target genes are listed
in Supplementary table 2. Samples were subjected to the following PCR cycle: [95°C for
5min, (95 °C for 30 sec, 57-61 °C for 30 sec, 72 °C for 30 sec) x 40 cycles, and 72

°C for 5 min] in an iCycler 1Q (Multi-Color Real-Time PCR Detection System; Bio-Rad
Laboratories, Hercules, California, USA). Data was collected and recorded using the iCycler
1Q software (Bio-Rad Laboratories, USA) and expressed as a function of the threshold
cycle (Ct), representing the number of cycles at which the fluorescent intensity of the
SYBR Green dye is significantly above that of the background fluorescence. p-actin or

185 rRNA served as housekeeping genes or internal standards. Relative quantification of
gene expression was normalized to Z8SrRNA or B-actin. The fold change in target gene
expression in the test sample relative to the control sample was computed using the formula
27(ACt of control)/2"(ACt of test).

Immunoblot analysis

Immunoblot analysis was performed using the cell lysates obtained from various /in vitro
(PC12 and C6 cells) and /n vivo experimental conditions. Protein samples were subjected
to immunoblot analysis using primary antibodies (Supplementary table 3) followed

by HRP-conjugated secondary antibodies. Immunoreactive bands were visualized using
chemiluminescence ECL Western blotting detection reagents (Bio-Rad Laboratories, USA).
Bands were quantified using NIH ImageJ analysis software and normalized to the loading
control GAPDH or B-actin.
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2.9. Immunofluorescence analysis

Anesthetized rats were perfused with PBS followed by 4% buffered formaldehyde solution.
Brains were cryoprotected with 30% sucrose and embedded in optimal cutting temperature
compound before sectioning on a cryostat. Coronal brain sections (40 um thick) containing
the caudate nucleus at approximately bregma 0.2 mm were subjected to heat-induced
epitope retrieval (10 mM Citric acid, pH 6.0; 100°C for 10 min) using a commercial
steamer. Sections were permeabilized with Triton X-100, blocked with 5% normal goat
serum, incubated overnight at 4°C with a mouse monoclonal anti-MMP12 antibody
(sc-390863, Santa Cruz Biotechnology, Dallas, TX) at 1:250 dilution, and then incubated
with Alexa Fluor 488-conjugated goat anti-mouse 1gG secondary antibody (A-11001;
Invitrogen, Carlsbad, CA), 1:500 dilution, for 3 h at room temperature in the dark.

Sections were subsequently counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to
visualize cell nuclei. The slides were cover slipped and later viewed with a confocal laser
scanning microscope (Olympus Fluoview FV3000). Digital images were obtained at 400x
magnification using the same channel settings for all samples to allow direct comparison of
fluorescence staining between treatment groups. Quantification of immunofluorescence was
performed using NIH ImageJ 1.53e software by measuring integrated density (in arbitrary
units) after background subtraction.

2.10. Evans blue dye extravasation assay

Three days after ischemia, rats from the appropriate treatment groups were assigned to

study changes in BBB permeability using the Evans blue dye (EBD) extravasation method,
as previously described [24]. A 2% EBD solution (prepared in 1xPBS and sterilized by
passing through a 0.22 um membrane filter) was slowly injected into rats at a dose of

4 mL/Kkg, i.v. via tail vein. The dye was allowed to circulate for 3 hours before animal
perfusion. Rats were deeply anesthetized with sodium pentobarbital (~350 mg/kg, i.p.) and
perfused intracardially with 1xPBS until the effusion became clear. The brain was then
removed and divided along the midline into its two respective hemispheres. The ipsilateral
and contralateral brain samples were collected separately and stored at =80 °C until assayed.
The frozen brain samples were weighed, homogenized in 2.5 mL PBS, vortexed with 2.5 mL
trichloroacetic acid (60%) for 2 min, centrifuged for 30 min at 1400xg, and cooled at 4°C
for 10 min. Supernatants were collected, and the EBD absorbance was measured at 610 nm
using a microplate spectrophotometer. For each brain hemisphere, the EBD concentration
was determined using a standard curve obtained from known amounts of EBD and expressed
as micrograms per gram of wet brain weight. In addition, the EBD ratio for each animal was
calculated using the following formula: EBD Ratio = EBD concentration in the ipsilateral
brain / EBD concentration in the contralateral brain. A ratio greater than one indicates a
leakier BBB on the infarct side compared to the non-infarct side.

2.11. Computational modeling

An advanced computational protocol was used to determine the interactions between rat
t-PA and MMP-12 proteins. For homology modeling, we used the lterative Threading
Assembly Refinement (I-TASSER) server for predicting the 3D structure models of
protein molecules from amino acid sequences [25]. The predicted structural models
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were validated using high-resolution protein structure refinement [(Protein refinement
module, Schrodinger-Prime module, Biologics suite, Schrodinger 2021-1 (Schrédinger,
LLC, New York, NY, 2021)], ModRefiner, and fragment-guided molecular dynamics (FG-
MD) simulation [26].

The refined models were docked according to the Fast Fourier Transform (FFT)-based
program and PIPER [27]. The t-PA-MMP-12 docking was modeled using the PIPER
protein-protein docking program in the BioLuminate product [28]. The largest cluster size
with minimal local energy and a near-native state of the protein conformation was chosen.
Docking results were validated using the 2D protein-protein interaction analysis tool of
Schradinger suite 2021-1 software. An interactive map was studied to identify the chemical
nature of the interactions such as hydrogen bonds, pi-pi interaction, side-chain bonds, and
backbone hydrogen bonds. Protein—protein interaction maps were also used to predict the
position and interacting amino acids of both the proteins.

Molecular dynamics (MD) simulation studies for the selected docked poses were carried out
by the Desmond module of Schrédinger software with OPLS4 force field [29]. The protein-
ligand complex was embedded in a predefined TIP3P water model in the orthorhombic

box [30]. The box volume was minimized, and the overall system charge was neutralized

by adding Na* or CI~ ions and 0.15 mM NacCl to construct near-physiological conditions.
The temperature and pressure were kept constant at 300 K and 1.01325 bar throughout

the simulation using a Nose-Hoover thermostat and Martyna-Tobias-Klein barostat methods
[31,32]. The simulations were performed for >100 ns using NPgammaT ensembles for
proteins and membranes ensemble considering the number of atoms, pressure, and timescale
[33]. During simulations, long—range electrostatic interactions were calculated using the
Particle—Mesh—Ewald method and the whole ensemble was constructed as a rigid body
packing and relaxed gradually at 1.2 kilojoules of energy during the simulations [33]. The
amino acid energy contributions that were obtained from the prime molecular mechanics-
generalized born surface area (MM-GBSA) calculation were used to elucidate the key amino
acids critical for protein-protein interaction.

Exclusion criteria

Animals that did not exhibit a neurological severity score of 8 or above after ischemia and
reperfusion were excluded from the study. Additionally, animals with postmortem evidence
of hemorrhage around the MCA were excluded from the study. Data obtained from animals
that died during the study period and data identified as outliers by the Grubbs test were
excluded from analysis.

2.13. Statistical analysis

Statistical analyses of the data was performed using GraphPad Prism 8.4.3 for Windows. For
each experiment, the quantitative data was tested for normality and equality of variances.

On the basis of the number of groups present in each experiment and the outcome of the
normality and variance tests, appropriate statistical tests (described in figure legends) were
used to analyze the data. Differences between groups were considered significant at p <
0.05. All data are expressed as mean = SEM.
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3. Results

3.1. Increased t-PA expression in the brain following an ischemic stroke

Transient focal cerebral ischemia increased t-PA mRNA expression (2.8 fold over sham)

in the ipsilateral brains of rats on post-reperfusion day 1 (Fig. 1A). The duration of this
increase in t-PA mRNA expression was then determined. We observed elevated t-PA mRNA
expression (2.4 fold over sham on day 3 and 3.4 fold over sham on day 5) for up to

five days after reperfusion. The increase in t-PA expression was statistically significant on
post-reperfusion days 1 (p = 0.0002), 3 (v =0.0036), and 5 (p < 0.0001) but not on day 7.
The expression of t-PA mRNA on post-reperfusion day 7 was comparable to that of the sham

group.

3.2. t-PA shRNA treatment is effective in reducing t-PA expression in vitro and in vivo

TPA shRNA treatment decreased t-PA mRNA expression by 38% in PC12 cells and 68%
in C6 cells compared to untreated cells (Supplementary Fig. 2A). In PC12 cells, the t-PA
MRNA expression in the control shRNA transfected cells was not significantly different
from that in untreated cells, whereas it was significantly decreased (p = 0.0011) in the

t-PA shRNA transfected cells. In C6 cells, the t-PA mRNA expression was not significantly
different in the control shRNA transfected cells compared to untreated cells, but it was
significantly decreased (p = 0.0017) in the t-PA shRNA transfected cells. The protein
expression of t-PA was also decreased by 89% in PC12 cells transfected with t-PA shRNA
compared to untreated cells (Supplementary Fig. 2B). The t-PA protein expression was
significantly decreased (p = 0.0449) in the t-PA shRNA transfected PC12 cells, but was not
significantly different from untreated cells in the control ShRNA transfected cells.

In vivo, the expression of t-PA mRNA was increased (2.8 fold over sham) on post-
reperfusion day 1 in the ipsilateral brains of untreated stroke-induced rats, but not in the t-PA
SshRNA treated stroke-induced animals (Fig. 1B). The increase in t-PA mRNA expression in
the untreated group, but not in the t-PA shRNA treated group, was statistically significant

(o =10.0094) when compared to the sham group. Furthermore, t-PA shRNA treatment
significantly (p = 0.0038) reduced the expression of t-PA mRNA in the ipsilateral brains

of stroke-induced rats compared to untreated stroke-induced animals. Thus, t-PA shRNA
administration completely prevented the increase in t-PA mRNA associated with ischemic
stroke. Overall, the results obtained in PC12/C6 cell lines and stroke-induced rats validate
the ability of t-PA shRNA to suppress t-PA expression /n vitroand in vivo.

3.3. TPA shRNA treatment suppresses the expression of MMP-12

The neurological assessment of stroke severity, as determined by the mNSS, 2 to 4 hours
after reperfusion revealed scores of 9.83 £ 0.72 for the untreated and 10.00 + 0.85 for the
t-PA shRNA treated groups assigned for real-time PCR analysis. There was no statistically
significant difference in scores between the untreated and t-PA shRNA treated groups. These
results suggest that the severity of stroke in both groups of animals was the same.

The expression of MMP-12 mRNA in the ischemic brain on post-reperfusion day 1 was
decreased by 93% in the t-PA shRNA treated group compared to the untreated group
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(Fig. 2A). Statistical analysis revealed that the decrease in MMP-12 mRNA expression
was significant (p=0.0037). In addition, 14 days after reperfusion, immunofluorescence
analysis showed a significant expression of MMP-12 protein in the ipsilateral brain
hemisphere relative to the contralateral brain hemisphere in both the control shRNA and,
to a lesser extent, the t-PA shRNA treated groups (Fig. 2B). ImageJ analysis revealed that
MMP-12 protein expression in the ipsilateral brain was increased in both experimental
groups; however the expression was reduced by 69% in the t-PA shRNA treated group
compared to the control shRNA treated group (Fig. 2C). Based on our method of analysis,
we attribute the increase in MMP-12 fluorescence in the ipsilateral hemisphere of both
experimental groups to an increase in the fluorescence area rather than the fluorescence
intensity. The increase in MMP-12 expression in the ipsilateral brain hemisphere relative
to the contralateral brain hemisphere was statistically significant in the control ShRNA
treated group (p = 0.0019), but not in the t-PA shRNA treated group. In addition, the
decrease in MMP-12 expression in the t-PA shRNA treated group compared to the control
shRNA treated group was statistically significant (p = 0.0021) in the ipsilateral hemisphere,
suggesting that t-PA shRNA treatment reduces MMP-12 expression in the ischemic brain.

t-AP shRNA treatment protects the integrity of the blood-brain barrier

The extravasation of EBD was more evident in the ischemic brains of rats treated with
control sShRNA than in those treated with t-PA shRNA as determined by visual inspection
(Fig. 3A). We then measured the concentration of EBD in the contralateral (non-ischemic)
and ipsilateral (ischemic) brain hemispheres in both the control shRNA and t-PA shRNA
groups. The EBD concentration in the contralateral hemisphere compared to the ipsilateral
hemisphere for the control sShRNA group was 0.51 ug/g and 3.83 pg/g, respectively, whereas
the corresponding values for t-PA shRNA were 0.68 pg/g and 1.39 ug/g. These values
represent a 7.5 fold increase in the control ShRNA group and a 2.1 fold increase in the

t-PA shRNA group. As expected, the concentration of EBD in the ipsilateral hemisphere

of the brain decreased by 64% in the t-PA shRNA group compared to the control sShRNA
group. The increase in EBD concentration in the ipsilateral brain relative to the contralateral
brain was statistically significant only in the control ShRNA group (o < 0.0001), but not in
the t-PA shRNA group. In addition, the concentration of EBD in the ipsilateral brain was
significantly lower (p < 0.0001) in the t-PA shRNA group compared to the control ShRNA
group. Overall, these findings indicate that t-PA shRNA administration following an acute
ischemic stroke in rats protects the brain against BBB disruption.

Claudin-5 is one of the BBB tight junction proteins. In rats subjected to acute focal cerebral
ischemia and reperfusion, the protein expression of claudin-5 was decreased by 78%
compared to sham controls (Fig. 3B). The protein expression of claudin-5 was increased

by 3.4 folds in the t-PA shRNA treated group compared to the untreated group. Statistical
analysis revealed a significant decrease in the expression of claudin-5 (p < 0.0001) in the
untreated group relative to the sham group, as well as a significant increase in the expression
of claudin-5 (p = 0.0018) in the t-PA shRNA treated group relative to the untreated group.
As expected, there was no significant difference between the untreated and control ShRNA
treated groups in the protein expression of Claudin-5.
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3.5. Elevated t-PA levels in the ischemic brain contribute to inflammation

In this particular study, if the mMRNA expression of the target genes increased/decreased

by less than 5 fold compared to sham, we did not consider the change in gene expression

to be significant. As expected, transient focal cerebral ischemia increased the expression

of microglia/macrophage M1 phenotype markers in the ipsilateral hemisphere of rats on
post-reperfusion day 1, compared to the sham group (5.7 fold over sham for CD68, 6.9 fold
over sham for iNOS, 7.4 fold over sham for IL-1pB, 11.6 fold over sham for IL-6, and 6.6
fold over sham for TNFa) (Fig. 4A). The increase in these M1 markers was statistically
significant when compared to the sham group (CD68: p=0.0011; iNOS: p=0.0011; IL-1pB:
p=0.0023; IL-6: p=0.0029; TNFa.: p< 0.0001). Interestingly, the expression of these

M1 markers was not significantly increased in the t-PA shRNA treated group compared

to the sham group, except for IL-6 and TNFa (IL-6: p=0.0109; TNFa: p=0.0019),
suggesting that suppression of brain t-PA after an ischemic stroke prevents the upregulation
of pro-inflammatory M1 markers in the ipsilateral brain. The expression of IL-1 and TNFa
was also significantly lower in the t-PA shRNA treated group compared to the untreated
group (IL-1B: p=0.0489; TNFa: p= 0.0445).

Despite a few statistically significant differences between experimental groups, none of the
M2 markers (CD206, CD163, Argl, IL-10, and TGFp) showed an appreciable (> 5 fold)
increase in MRNA expression in the ipsilateral brain hemisphere on post-reperfusion day 1,
compared to the sham group (Fig. 4B). These results indicate that microglia/macrophages
in the ischemic brain were much more polarized towards the classic pro-inflammatory

M1 phenotype than the anti-inflammatory M2 phenotype on post-reperfusion day 1. The
suppression of brain t-PA did not increase the expression of M2 markers in the ipsilateral
brain.

With the exception of IL-6, the expression of all M1 and M2 markers remained unchanged
in the contralateral brain hemisphere, indicating that the effect is local and specific to the
ipsilateral brain (Supplementary Fig. 3). Statistical analysis revealed that the increase in 1L-6
expression in the contralateral brain on post-reperfusion day 1 was significant (o= 0.002)
compared to the sham group. These results indicate that the upregulation of IL-6 expression
following an ischemic stroke has far reaching effects.

3.6. Physical interaction exists between MMP-12 and t-PA

The molecular dynamics simulation confirmed the docking prediction of rat MMP-12 and
t-PA docking with a sufficiently large and highly stable interface, with amino acid side
chain residues of t-PA forming electrostatic, aromatic, and hydrophobic interactions with
MMP-12 counterparts (Fig.5 and Supplementary Figs. 4, 5, and 6). The t-PA protein formed
16 hydrogen bond interactions with MMP-12 residues GIn 65, Val 71, Arg 102, Arg 223,
Asn 226, Asp 249, Ser 256, Val 262, Asn 264, Thr 276, and GIn 280, which comprise

the active site of the enzyme. These results are comparable to the 2-dimensional and
3-dimensional structures of the MMP-12 and t-PA complex. The hydrogen bond interactions
of the complex were elucidated to validate the binding of t-PA to MMP-12 protein predicted
by the docking simulation studies. The number of hydrogen bonds between the t-PA and
MMP-12 protein complex (acceptor/donor) was calculated and matched for identity with
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the hydrogen bond residues predicted in the docking analysis (Supplementary table 4). The
residues involved in hydrogen bonding during post-simulation analysis of trajectories were
found to be the same as those contributing to hydrogen bonding during the docking analysis.

4. Discussion

This study demonstrates that t-PA expression in the brain is elevated for up to five

days following transient focal cerebral ischemia and reperfusion, t-PA shRNA treatment
is effective in reducing t-PA expression both /in vitroand in vivo, and suppression of

t-PA expression with t-PA shRNA treatment decreases MMP-12 expression in the brain.
In addition, this study demonstrates that t-PA shRNA treatment prevents BBB tight
junction protein degradation, reduces BBB disruption, and attenuates neuroinflammation.
Our research also shows that MMP-12 and t-PA may interact physically.

Increased t-PA activity was initially observed in the ischemic brain (vessel wall and
penumbra zone surrounding the necrotic area) in 1998 [9]. Further research showed that
t-PA activity in the brain increases as early as six hours following ischemia [10]. More
recently, we observed an increase in t-PA expression in the brains of rats both immediately
following ischemia and one day after transient ischemia and reperfusion [7]. To our
knowledge, no previous study has examined the temporal expression profile of t-PA in

the brain following transient cerebral ischemia and reperfusion. We found a significant and
sustained increase in t-PA mRNA expression in the brain for up to five days in this study,
followed by a decline.

This is the first study to demonstrate the non-viral, nanoparticle-mediated delivery of t-PA
shRNA expressing plasmids /n vitro and in vivo. Treatment with t-PA shRNA effectively
reduced the expression of t-PA in rat C6 and PC12 cells as well as in ischemia-induced
rats. From a mechanistic standpoint, plasmid nanoparticles containing t-PA shRNA enter
cells and produce t-PA siRNAs, which bind to and destroy t-PA mRNAs. We believe

that t-PA shRNA plasmid nanoparticles administered intravenously penetrate the brain and
endothelial cells of cerebral microvessels in rats, where they decrease the expression of
t-PA mRNA. Although t-PA shRNA effectively reduces t-PA expression in the rat brain

as intended, delivery of these ShRNA particles intravenously may lead to widespread
changes in the expression of the target gene. With respect to therapeutic efficacy, we
previously found comparable effects in rats when the same dose of sShRNA plasmids was
delivered intravenously or specially in the brain [7]. Our future studies will investigate the
effectiveness of brain-specific injections of t-PA shRNA plasmid particles (through internal
carotid artery) immediately following transient cerebral ischemia and reperfusion.

Previously, we demonstrated that silencing the MMP-12 gene with MMP-12 shRNA
decreases the expression of t-PA in the ischemic brain [7]. These findings suggested that
elevated MMP-12 levels in the brain following an ischemic stroke may increase t-PA. The
mechanisms underlying this effect are largely unknown. We hypothesize that t-PA may

be released from brain and endothelial cells of cerebral microvessels as a result MMP-12-
induced brain injury. In this study, suppressing t-PA expression with t-PA shRNA decreased
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MMP-12 expression on post-reperfusion days 1 and 14. The elevated t-PA may enhance
MMP-12 secretion and activation in the ischemic brain through plasmin formation [34,35].

Although many different types of brain cells express MMP-12 under ischemic conditions,
the primary source of MMP-12 in the ischemic brain is infiltrating monocytes that become
macrophages [2,36]. Before monocytes can enter the brain following an ischemic stroke, the
BBB must be compromised. Our previous research demonstrated that the BBB is disrupted
both immediately after transient ischemia and 24 hours after reperfusion [7]. In the present
study, we extend these findings to show the extent of BBB disruption in the ischemic brain
three days after acute ischemia and reperfusion. Because infiltrating macrophages are the
main source of MMP-12 in the ischemic brain and t-PA shRNA treatment reduced the
expression of MMP-12, we postulated that elevated t-PA in the ischemic brain contributes
significantly to BBB disruption. Following an ischemic stroke, elevated brain t-PA can

have both proteolytic (plasmin-mediated) and non-proteolytic effects on the brain. The
evidence presented below indicates that t-PA has a clear and decisive role in BBB disruption
following an ischemic stroke. Binding of t-PA to LDL receptor-related protein (LRP)
initiates signaling to brain vascular endothelial cells that ultimately results in breakdown

of the BBB [37]. In addition, t-PA increases MMP-9 expression in a non-proteolytic manner
and converts pro-MMP-9 to active MMP-9 in a proteolytic manner (through plasmin)
[16,19,38,39]. MMP-9 is a known culprit in BBB disruption during ischemia and after
reperfusion. Consistent with our expectations, the extravasation of Evans blue dye into the
ischemic brain was significantly reduced by t-PA shRNA treatment. This finding further
confirms the deleterious effects of elevated t-PA levels on the breakdown of the BBB
following an ischemic stroke.

Properties of the BBB are largely determined by the tight junction protein complexes,
which contain membrane proteins like claudin-5 and occludin and membrane-associated
cytoplasmic scaffold proteins like ZO-1 [40,41]. Claudin-5 is essential for maintaining

the tight junction density, and ZO-1 acts as a scaffold to anchor claudin-5 to the actin
cytoskeleton [42,43]. Tight junctions are maintained by the interaction of claudin-5 and
occludin with ZO proteins (ZO-1, 2, and 3). The degradation of these proteins compromises
the integrity of tight junctions and increases the permeability of the BBB [42,44]. The
present study confirms that claudin-5 protein expression is downregulated in rats following
transient ischemia and reperfusion, and further demonstrates that treatment with t-PA
shRNA prevents this effect.

Previously we showed that suppressing MMP-12 prevented the degradation of claudin-5,
occludin, and ZO-1 after transient ischemia and reperfusion and significantly reduced
MMP-9 expression and activity [2,7]. The findings of this present study indicate that
elevated t-PA in the brain after acute ischemia degrades tight junction proteins and disrupts
the BBB, either directly or indirectly, by increasing MMP-12 expression and activity in the
ischemic brain. The possibility of multiple direct physical interactions between MMP-12
and t-PA proteins was demonstrated in the present study using /7 sifico computational
modeling. We propose that a direct interaction of t-PA with MMP-12 might convert the
inactive pro-form of MMP-12 into its active form.
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The t-PA-generated plasmin recruits inflammatory cells such as macrophages (blood-borne
monocytes) and microglia (brain resident macrophage population) to the site of injury by
activating chemokines [45,46]. In addition, t-PA promotes the adherence of circulating
monocytes to sites of inflammation and activates microglia [47,48]. The fibronectin finger
domain at the N-terminus of t-PA is primarily responsible for microglial activation [48].
Transgenic mice that overexpress neuroserpin, a potent endogenous inhibitor of t-PA,

had reduced microglial activation following an ischemic stroke [12]. These findings
suggest that t-PA is essential for microglial activation following ischemia. Furthermore,
t-PA mediates microglial polarization. In the ischemic brain, recruited microglia and
infiltrating macrophages can be activated to the classical M1 phenotype or alternative

M2 phenotype. When microglia/macrophages are activated to the M1 phenotype, pro-
inflammatory cytokines are released, whereas the M2 phenotype has anti-inflammatory,
neuroprotective, and repair properties [49-54]. Following an ischemic stroke, the M1
polarization of microglia was greater in neuroserpin-deficient animals than in wild-type
mice, consistent with the idea that t-PA increases neuroinflammation [55].

In the present study, we observed a marked increase in the expression of M1 markers
(CD88, iNOS, IL-1p, IL-6, and TNFa), specifically in the ipsilateral brain hemisphere
(except for IL-6, which was also elevated in the contralateral brain), following transient
focal cerebral ischemia. The observation that IL-6 levels are elevated in both the ischemic
and contralateral brain tissues strongly suggests that IL-6 increases following an ischemic
stroke are global rather than local. This is consistent with other studies that have shown

an increase in IL-6 levels in the serum/plasma of acute stroke patients [56,57]. The

finding that t-PA shRNA treatment reduces the expression of M1 markers suggests that
elevated brain t-PA following an ischemic stroke contributes significantly to the severity of
acute inflammation. Previously, we showed that suppressing MMP-12 following transient
ischemia reduced TNFa expression in the ischemic brain [2]. As stated earlier, the findings
of this study suggest that elevated t-PA in the brain following transient ischemia reduces
neuroinflammation directly or indirectly by decreasing MMP-12 expression and activity

in the ischemic brain. The expression of the healthy M2 phenotype in the ischemic brain
usually peaks 3 to 5 days following ischemia. As expected, none of the M2 markers (CD206,
CD163, Argl, IL-10, and TGFp) were appreciably increased at the early time point (day 1
after transient cerebral ischemia) in our study. Furthermore, t-PA shRNA treatment did not
increase the expression of M2 markers.

Our findings could improve the safety and efficacy of recombinant t-PA therapy, which

is known to disrupt the BBB and cause hemorrhagic transformation. Although t-PA is
considered the gold standard for treating ischemic stroke, the vast majority of patients
remain untreated due to its limited treatment window (the first 4.5 hours after stroke onset).
Elevated t-PA levels in the brain after an ischemic stroke and intravenous recombinant t-PA
treatment for blood clot dissolution both increase MMP-12 (and MMP-9 downstream) in
the brain, which are mainly responsible for the breakdown of the BBB. Suppression of t-PA
following acute ischemia decreased the expression of MMP-12 in the brain and protected
the BBB by decreasing the degradation of tight junction proteins. Conversely, suppressing
MMP-12 reduced t-PA expression [7]. Increased brain MMP-12 levels may contribute
significantly to thrombolysis-associated hemorrhagic transformation, thereby limiting the
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therapeutic window for recombinant t-PA therapy after ischemic stroke. Targeting brain
t-PA after recanalization with shRNA, by reducing post-ischemic induction of t-PA in the
brain and MMP-12 activation, may mitigate ischemic brain damage and the detrimental
side effects of administering recombinant t-PA beyond its therapeutic window. Targeting
MMP-12 may also provide similar therapeutic benefits as demonstrated by our recent study,
although this approach may be less direct because MMP-12 is likely to act downstream of
t-PA [8]. A possible advantage of targeting MMP-12 as opposed to t-PA is the transfection
of peripheral monocytes/macrophages with MMP-12 shRNA. As the BBB deteriorates
due to acute ischemia, a growing number of blood-borne monocytes enter the brain and
differentiate into macrophages, the primary source of MMP-12 in the ischemic brain.

The invading macrophages elevate MMP-12 levels and further exacerbate brain damage.
However, this effect is negated by suppressing the MMP-12 gene.

Overall, our research clearly demonstrates that targeting t-PA following an ischemic stroke

can prevent the induction of MMP-12 in the ischemic brain and reduce the severity of brain
injury. According to our findings, MMP-12 and t-PA interact at different levels in the brain

following an ischemic stroke, either directly or indirectly. The two proteins interact in such

a way that one influences the other and vice versa. Our future studies in animals lacking the
t-PA gene may confirm a number of these findings. The present findings could contribute to
the development of new pharmacotherapies for the treatment of stroke.
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Fig. 1.

Stroke increases t-PA levels in the ischemic brain, and t-PA shRNA treatment is effective in
reducing t-PA mRNA expression. (A) The expression of t-PA mRNA in the ipsilateral brain
of rats subjected to 2-h focal cerebral ischemia followed by reperfusion. The column scatter
plots show the quantified mMRNA expression of t-PA, expressed as fold change over sham, in
the ipsilateral brains of untreated stroke-induced rats on post-reperfusion days 1, 3, 5, and 7.
Statistical analysis. One-way ANOVA followed by Dunnett’s multiple comparisons test. *p
< 0.05 vs Sham group. (B) The column scatter plots show the quantified mMRNA expression
of t-PA, expressed as fold change over sham, in the ipsilateral brains of untreated (no
treatment) and t-PA shRNA treated stroke-induced rats on post-reperfusion day 1. Statistical
analysis. Brown-Forsythe ANOVA followed by Dunnett’s T3 multiple comparisons test. *p
< 0.05 vs. Sham group. *p < 0.01 vs. Untreated (no treatment) group.
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Fig. 2.
Effect of t-PA suppression on the expression of MMP-12. (A) The mRNA expression of

MMP-12 in the ischemic brains of untreated and t-PA shRNA treated rats subjected to

2-h focal cerebral ischemia followed by reperfusion. The column scatter plot shows the
quantified mRNA expression of MMP-12, expressed as fold change over sham, in the

rat brains on post-reperfusion day 1. Statistical analysis. Unpaired ttest with Welch’s
correction. *p < 0.05 vs Untreated group. (B) Images (400x) depicting MMP-12 protein
expression (green fluorescence) in the ipsilateral and contralateral brains of control ShRNA
and t-PA shRNA treated stroke-induced rats on post-reperfusion day 14. Nuclei (blue
fluorescence) were stained with DAPI. (C) The column scatter plot shows the integrated
density of the quantified green fluorescence corresponding to MMP-12 expression. Contra,
denotes the contralateral hemisphere of the brain; Ipsi, the ipsilateral hemisphere. Statistical
analysis. Two-way repeated-measures ANOVA followed by Sidak’s multiple comparisons
test. *p < 0.05 vs Contra (same experimental group). *p < 0.05 vs control sShRNA treated
group (same brain hemisphere).
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Fig. 3.

t-IgA shRNA treatment preserves the integrity of the blood-brain barrier. (A) Representative
photographs of the whole brain showing the contralateral and ipsilateral hemispheres of rats
administered Evans blue dye (EBD) three days after 1.5-h focal cerebral ischemia followed
by reperfusion. The column scatter plot shows the quantified concentration of EBD in the
brains of rats treated with control ShRNA and t-PA shRNA.. Statistical analysis. Two-way
repeated-measures ANOVA followed by Sidak’s multiple comparisons test. *p < 0.05 vs
contralateral hemisphere (same experimental group). *p < 0.05 vs Control shRNA group
(same brain hemisphere). (B) Representative immunoblots depicting the protein expression
of claudin-5 in the ipsilateral brains of rats one day after 1.5-h focal cerebral ischemia and
reperfusion. The column scatter plots show the quantified protein expression of claudin-5
normalized to the loading control GAPDH in sham, untreated, control ShRNA treated, and
t-PA shRNA treated stroke-induced rat brains on post-reperfusion day 1. Statistical analysis.
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One-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05 vs Sham group.
*p < 0.05 vs Untreated (no treatment) group.
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Fig. 4.
Effect of t-PA shRNA treatment on microglia/macrophage polarization dynamics in the

brain following an ischemic stroke. The mRNA expression of M1 and M2 markers in

the ipsilateral brains of rats subjected to 2-h focal cerebral ischemia and reperfusion. The
column scatter plots show the quantified mMRNA expression of the M1 markers CD68,
iNOS, IL-1B, IL-6, and TNFa (A) and M2 markers CD206, CD163, Argl, IL-10, and
TGFp (B), expressed as fold change over sham, in the ipsilateral brains of rats in the
Untreated (no treatment) and t-PA shRNA (TPAsh) treated groups on post-reperfusion day
1. Statistical analysis. One-way ANOVA followed by Tukey’s multiple comparisons test
or Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *p < 0.05 vs Sham
group. *p < 0.05 vs Untreated (no treatment) group.
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Fig. 5.
In silico analysis of a possible interaction between MMP-12 and t-PA (A) Amino acid side

chain residue complements form the interface of rat t-PA with rat pro-MMP-12. (B and

C) Binding poses of t-PA with MMP-12 sites (pro and catalytic domains), represented by
hydrogen bonds at GIn 65, Val 71, Arg 102, Arg 223, Asn 226, Asp 249, Ser 256, Val 262,
Asn 264, Thr 276, and GIn 280. The interaction diagram also depicts the van der Waals
clash at Ser 253. All hydrogen bond interactions are shown as yellow dashed lines, all CH-O
interactions as blue dashed lines, and all halogen interactions as purple dashed lines.
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