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The neurovascular unit provides a dynamic interface between the circulation and central nervous system. Disruption of neuro-
vascular integrity occurs in numerous brain pathologies including neurotrauma and ischaemic stroke. Tissue plasminogen ac-
tivator is a serine protease that converts plasminogen to plasmin, a protease that dissolves blood clots. Besides its role in
fibrinolysis, tissue plasminogen activator is abundantly expressed in the brain where it mediates extracellular proteolysis.
However, proteolytically active tissue plasminogen activator also promotes neurovascular disruption after ischaemic stroke;
the molecular mechanisms of this process are still unclear. Tissue plasminogen activator is naturally inhibited by serine protease
inhibitors (serpins): plasminogen activator inhibitor-1, neuroserpin or protease nexin-1 that results in the formation of
serpin:protease complexes. Proteases and serpin:protease complexes are cleared through high-affinity binding to low-density
lipoprotein receptors, but their binding to these receptors can also transmit extracellular signals across the plasma membrane.
The matrix metalloproteinases are the second major proteolytic system in the mammalian brain, and like tissue plasminogen
activators are pivotal to neurological function but can also degrade structures of the neurovascular unit after injury. Herein, we
show that tissue plasminogen activator potentiates neurovascular damage in a dose-dependent manner in a mouse model of
neurotrauma. Surprisingly, inhibition of activity following administration of plasminogen activator inhibitor-1 significantly
increased cerebrovascular permeability. This led to our finding that formation of complexes between tissue plasminogen acti-
vator and plasminogen activator inhibitor-1 in the brain parenchyma facilitates post-traumatic cerebrovascular damage.
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We demonstrate that following trauma, the complex binds to low-density lipoprotein receptors, triggering the induction of
matrix metalloproteinase-3. Accordingly, pharmacological inhibition of matrix metalloproteinase-3 attenuates neurovascular
permeability and improves neurological function in injured mice. Our results are clinically relevant, because concentrations of
tissue plasminogen activator: plasminogen activator inhibitor-1 complex and matrix metalloproteinase-3 are significantly ele-
vated in cerebrospinal fluid of trauma patients and correlate with neurological outcome. In a separate study, we found that
matrix metalloproteinase-3 and albumin, a marker of cerebrovascular damage, were significantly increased in brain tissue of
patients with neurotrauma. Perturbation of neurovascular homeostasis causing oedema, inflammation and cell death is an
important cause of acute and long-term neurological dysfunction after trauma. A role for the tissue plasminogen activator—
matrix metalloproteinase axis in promoting neurovascular disruption after neurotrauma has not been described thus far.
Targeting tissue plasminogen activator: plasminogen activator inhibitor-1 complex signalling or downstream matrix metallopro-

teinase-3 induction may provide viable therapeutic strategies to reduce cerebrovascular permeability after neurotrauma.

Keywords: neurovascular unit; traumatic brain injury; tissue plasminogen activator; plasminogen activator inhibitor-1; matrix

metalloproteinase-3

Abbreviations: GOS-E = Glasgow outcome scale-extended; LDLRs = low density lipoprotein receptors; MMP = matrix metallopro-
teinase; NNGH = N-isobutyl-N-(4-methoxyphenylsulphonyl)glycyl hydroxamic acid; PAI1 = plasminogen activator inhibitor-1;
TBI = traumatic brain injury; t-PA = tissue-type plasminogen activator

Introduction

The neurovascular unit is a highly regulated structure between
the interstitial space of the brain and the peripheral circulation.
It consists of microvascular endothelium on the luminal surface
of a basement membrane, and astrocytes, pericytes and neurons
on the abluminal surface (Hawkins and Davis, 2005). Increased
neurovascular permeability contributes to morbidity and mortality
in several neurological pathologies (Hawkins and Davis, 2005).
The disruption of neurovascular integrity is not only a conse-
quence of pathology such as in traumatic brain injury (Shlosberg
et al., 2010; Zink et al., 2010) and ischaemic stroke (Su et al.,
2008; Yang and Rosenberg, 2011) but also may be the precipitat-
ing event such as in multiple sclerosis (Zlokovic, 2008; Alvarez
et al., 2011).

TBI is the leading cause of death and disability in individuals
under 45 years of age. The primary phase of TBI is character-
ized by direct mechanical impact causing tissue damage,
increased cerebrovascular permeability and impaired cerebral
blood flow. The secondary phase involves inflammation, free
radical generation and metabolic disturbances that precipitate
further cerebrovascular disruption and neuronal loss and can
lead to disability or even death (Verma, 2000). The progression
of the secondary phase of trauma over days to weeks after the
initial insult offers a valid time window for therapeutic interven-
tion. However, clinical trials targeting these secondary events
have been unsuccessful owing to the pathophysiological hetero-
geneity of trauma (Xiong et al., 2009). The neurovascular unit is
compromised in ~70% of trauma cases and the extent of
neurovascular permeability correlates with that of cortical dys-
function (Tomkins et al., 2011). Additionally, neurovascular dis-
ruption is linked to several long-term debilitating consequences
of neurotrauma including Alzheimer's disease and post-traumatic
epilepsy (Shlosberg et al., 2010). Hence, preserving function of
the neurovascular unit after TBI is likely to significantly improve
clinical outcome.

Tissue-type plasminogen activator (t-PA) is a serine protease
that cleaves plasminogen to generate plasmin. t-PA, commonly
used as a thrombolytic agent to remove fibrin blood clots, has
been directly implicated in neurovascular breakdown in ischaemic
stroke, but the mechanism remains unclear (Zaheer et al., 2011).
In the brain, t-PA is inhibited by one of three serine protease
inhibitors (serpins): plasminogen activator inhibitor-1 (PAI1), neu-
roserpin and protease nexin-1, with neuroserpin being the most
abundant (Vivien and Buisson, 2000). Serpins inactivate t-PA by
forming stable covalent complexes that are rapidly cleared by
endocytosis through low-density lipoprotein receptors (LDLRs)
(Lillis et al., 2008). However, LDLRs can also transmit extracellular
signals across the plasma membrane. Reports have indicated that
t-PA acts as a signal transducer by binding to LDLR-related protein
1 and transcriptionally regulating genes including members of the
matrix metalloproteinase (MMP) family (Herz, 2001; Candelario-
Jalil et al., 2009). It is also known that free t-PA binds to LDLRs
with ~300-fold lower affinity than t-PA:serpin complexes suggest-
ing differential signalling capabilities of free and complexed t-PA
(Nykjaer et al., 1994).

We have previously shown that t-PA activity is increased by
~30% within 1-3h post-TBI, and returns to baseline levels by
24 h post-TBI in mice (Sashindranath et al., 2011). Here, we iden-
tify a novel mechanism that links t-PA with altered neurovascular
permeability following TBI, whereby formation of the t-PA:PAI1
complex in vivo activates downstream signalling processes leading
to induction of MMP3. MMP3 is the effector arm of this change
in cerebrovascular permeability since selective inhibition of MMP3
reverses neurovascular permeability after TBI. Importantly, we
show that levels of t-PA:PAI1 complex and MMP3 are significantly
elevated in CSF of patients with severe TBI and these levels cor-
relate positively with neurological outcome.

Our data suggest that targeting signalling of the t-PA:PAI1
complex and MMP3 induction will mitigate trauma-induced neu-
rovascular degradation and hence provide viable treatment strate-
gies for minimizing long-term consequences of trauma.
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Materials and methods
Mice

All animal procedures were undertaken in accordance with the
National Health and Medical Research Council Code of Practice for
the Care and Use of Animals for Experimental Purposes in Australia.
Experiments were performed with adult male mice on the C57/BI6-J
background aged 8-16 weeks (mean age +SD =119 + 1.9 weeks)
and approved by the Alfred Medical Research Education Precinct
(AMREP) Animal Ethics Committee. Mice were maintained under spe-
cific pathogen-free facilities at a maximum of six per cage, on a 12h
light/dark cycle and had ad libitum access to food and water. T4 mice
are transgenic mice that constitutively produce increased levels of
mouse t-PA in post-natal neurons under the control of the Thy7.2
gene promoter (Madani et al., 1999). T4 transgenic mice and their
wild-type littermate controls (i.e. T4 wild-type mice) were sourced
from a heterozygote breeding colony maintained at AMREP Animal
Services. t-PA~/~ mice were obtained from a homozygote breeding
line and backcrossed 13 generations; wild-type mice were crossed with
t-PA=/~ mice and then backcrossed over two generations. Animals
were randomly assigned to trauma/sham or treatment/vehicle
groups; experiments were generally performed in the mornings and
unless otherwise specified, animals were euthanized at 3h
post-surgery. Following surgery, all animals were housed individually
in cages fitted with dividers and split-feeders. Animals were monitored
regularly and there were no adverse events related to the trauma
procedure.

Controlled cortical impact model of
traumatic brain injury

TBI was induced using the controlled cortical impact model as
described (Sashindranath et al., 2011). Following anaesthesia with
2,2,2-tribromoethanol (0.5 mg/kg; Sigma-Aldrich) mice were placed
in a stereotaxic frame (Kopf). A surgical incision was made, the skull
was exposed and a 3-mm diameter circular craniotomy was performed
with a burr drill over the left parietal cortex, with the centre at coord-
inates anteroposterior = —2.0, mediolateral = +2.0 from bregma. The
impactor was positioned at an angle of 20° to the dural surface and
adjusted until the tip was centred within the craniotomy. The impactor
tip was slowly lowered until the tip just contacted the dura. The cor-
tical impact was initiated through the graphical user interface of the
software that controlled the controlled cortical impact device. There
was first a retraction of the tip of 30 mm, and then a downward strike
of 31 mm (velocity: 5m/s; dwell time 150 ms) resulting in a mild to
moderate TBI at an impact depth of 1 mm. The exposed site was then
covered with bone wax, the scalp was sutured and the animals were
allowed to recover on a 37°C heat pad. Sham animals underwent
anaesthesia and craniotomy but did not sustain cortical impact. At
fixed intervals post-surgery, mice were anaesthetized with urethane
(3.3 g/kg), transcardially perfused with PBS pH 7.3, or phosphate buf-
fered formalin pH 7. Unless otherwise stated, the injured (ipsilateral)
and uninjured (contralateral) cortices were dissected and homogenized
to 150 mg wet weight of tissue per 1 ml of PBS +1% Triton™ X-100.

Intracortical injections

Stable PAI1, receptor associated protein (an LDLR antagonist; Zhang
et al., 2007) and PAI1 R76E mutant (a PAI1 variant that has reduced
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affinity for LDLRs; Stefansson et al., 1998) and preformed t-PA:PAI1
complex were provided by Molecular Innovations. The t-PA:PAI1 com-
plex was determined to have ~3% residual protease activity as tested
by Spectrafluor (American Diagnostics). Within 10 min after induction
of trauma in wild-type or t-PA~/~ mice, a volume of 1ul of mouse
PAI1 (stable variant: 0.05nmol; n =9 wild-type mice, n= 10t-PA~/~
mice; Yang et al., 2009), PAI1 (0.05nM) + receptor associated protein
(9.6pM), n=10; or vehicle (0.05M sodium acetate, 0.1 M NaCl,
1mM EDTA, pH 5.0), n=8 wild-type mice, n=5 t-PA™/~ mice;
PAI1 R76E mutant (human; 0.058 nmol), n=7; or vehicle (0.05M
sodium phosphate, 0.1M NaCl, 1mM EDTA, pH 6.6), n=38;
t-PA:PAI1T complex (7.5pmol), n=10; or vehicle (0.4M HEPES,
0.1M NaCl, pH 7.4), n=9 was injected directly into the lesion at a
depth of 1.2 mm from dura over a 5-min period using a 1 pl Hamilton
syringe fitted with a 25 gauge needle, having an outer diameter of
0.5mm. Once delivered, the needle was left in place for a further
5min to minimize backflow.

Intraventricular injections

Mice were anaesthetized and placed in a stereotaxic frame as
described above. An incision was made, the skull was exposed and a
small burr hole was created over the left ventricle at coordinates an-
teroposterior = —0.3, mediolateral = +1.0, dorsoventral= —2.0 from
bregma. A volume of 1.5pul of t-PA:PAI1 complex (0.75pmol;
500 nM) or vehicle (0.4 M HEPES; 0.1 M NaCl, pH 7.4) was injected
over a 5-min period using a 5ul Hamilton syringe fitted with a 28
gauge needle and once delivered, the needle was left in place for a
further 5 min to minimize backflow. Mice were transcardially perfused
at 1h post-injection as described above, and the hemisphere contra-
lateral to the site of injection was dissected and homogenized as
described above.

Lesion volume analysis

Mice were perfused with 4% phosphate-buffered formalin, pH 7.3, at
24 h post-TBI, the whole brain was post-fixed in phosphate-buffered
formalin for 24 h and then frozen on a slurry of dry ice and isopen-
tane. Twenty micrometre sections were subsequently prepared using
Ya cryostat. Every 10th section was stained with haematoxylin and
eosin. Photomicrographs were captured using an Olympus BX50
microscope and lesion area was determined using the UTHSCSA
ImageTool software (v3; University of Texas Health Science Centre
at San Antonio). Tissue swelling in the injured side was accounted
for by dividing the lesion area from each section by the ratio of the
areas of the injured relative to injured side. The Cavalieri formula was
used to calculate total lesion volume [Volume = £A x t x ISF] where
A =sum of the corrected lesion areas; t =section thickness (20 um)
and ISF =inverse of the sampling fraction (1 in 10 sections was
counted, i.e. sampling fraction =1/10). For T4 transgenic and T4
wild-type injured n =8 and sham, n =6.

Assessment of neurovascular integrity

The extent of neurovascular permeability was assessed by Evan's blue
extravasation or by quantitating levels of albumin extracted from the
cortical tissue. Evan's blue (0.2 g/kg; Sigma-Aldrich) was injected
intravenously at 2 h post-TBI. At 3 h post-trauma, following transcar-
dial perfusion, ipsilateral and contralateral cortices were dissected,
weighed and homogenized in PBS to 400mg/ml (wet weight of
tissue/volume of PBS). Proteins were then precipitated with trichloro-
acetic acid and the presence of Evan's Blue in the supernatant
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quantitated spectrophotometrically by measuring optical density at
620nm wavelength (ODg,). Data are expressed as ({ipsilateral
[ODg,o — average of (ODsgo and OD40)1/mg wet weight of tis-
sue}—{Contralateral [ODgyo — average of (ODsqp and ODz40)1/mg
wet weight of tissue}. The following groups were analysed: T4 mice
(injured n =5, sham n=4); T4 wild-type mice (injured n =8, sham
n=3); wild-type mice (injured n=6, sham n=4); t-PA~'~ mice
(injured n =7, sham n = 8).

We have determined that the degree of albumin extravasation cor-
relates with that of Evan's blue (not shown), which when injected
intravenously binds to albumin and extravasates due to increased
blood-brain barrier permeability. For albumin ELISAs, mice were per-
fused with PBS at 3 h post-trauma and the ipsilateral and contralateral
cortices were harvested as described (Sashindranath et al., 2011).
Tissue albumin content in the brain was determined using the
Mouse Albumin ELISA Quantitation Set (Bethyl Laboratories) accord-
ing to the manufacturer's instructions. Total protein was quantitated
using the BCA™ protein assay (Pierce). The amount of albumin (ng)
per microgram protein in each sample was calculated from the stand-
ard curve. The difference in albumin in the ipsilateral and contralateral
cortex was calculated for each animal.

Amidolytic assay for brain-derived
tissue-type plasminogen activator

t-PA activity was determined in mouse brain lysates using the amido-
lytic assay as described previously (Sashindranath et al., 2011).

Gelatin zymography

Lysates were prepared of the ipsilateral and contralateral cortices and
60 g protein from each sample was subjected to SDS-PAGE under
non-reducing conditions in 10% gels containing 0.15% gelatin. After
extensive washing in 2.5% Triton™ X-100, gels were incubated at
37°C overnight in a buffer containing 0.15M NacCl, 0.05 M Tris—HCl
pH 7.4 and 1% Triton™ X-100, after which the gels were subjected
to Coomassie staining. Gelatinolytic activity was detected as clear
bands on the Coomassie stained gel. T4 transgenic and T4 wild-type
mice (injured n = 6); sham T4 transgenic mice (n = 4) and T4 wild-type
mice (n = 3) were tested. Ventricular CSF samples were analysed simi-
larly; a volume of 30 ul of undiluted CSF was tested.

Fluorescein isothiocyanate—gelatinolytic
assay

The Enzchek® Gelatinase Assay kit (Life Technologies) was used to
measure gelatinolytic activity in lysates (wild-type mice; n = 5), accord-
ing to the manufacturer's instructions. Briefly, lysates were centrifuged
at 13000 g for 2min and 50 pl of supernatant was incubated with the
assay buffer and the fluorogenic substrate DQ™ gelatin (Life
Technologies; final concentration = 100 pg/ml) overnight at 37°C.
Proteolytic cleavage of DQ™ gelatin releases a green fluorescence
that was measured using the FLUOstar Optima microplate reader
(BMG LabTech); excitation: 495 nm, emission 515 nm.

Assessment of matrix metalloproteinase-
3 in mouse brain lysates

MMP3 content was quantitated in the same lysates used for albumin
ELISAs, with the Mouse Total MMP3 DuoSet (R&D Systems)
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according to the manufacturer's instructions. The difference in
MMP3 concentrations in the ipsilateral and contralateral cortex was
calculated for each animal.

Matrix metalloproteinase-3 inhibition
in vivo

The MMP3 inhibitor NNGH [N-isobutyl-N-(4-methox
yphenylsulphonylglycyl hydroxamic acid; K;=130nM; Biomol] was
dissolved in 100% dimethyl sulphoxide (DMSO) to a final concentra-
tion of 30 mg/ml (w/v), diluted 1:4 in sterile distilled water and stored
at —20°C until use. NNGH or vehicle (25% DMSO diluted in sterile
distilled water) was administered through gavage at a dose of
94.8 umol/kg at 30min prior to and 90min post-TBI in wild-type

mice (n=10). Mice were transcardially perfused at 3h post-trauma
as described above.

Functional assessments

Rotarod testing (Panlab/Harvard Apparatus) was performed on ani-
mals at the 24h time-point. Mice were first pre-trained on the
Rotarod for three to four trials each at least twice within a 48h
period prior to TBI and the time taken for the mouse to fall from
the Rotarod (latency) for each of the three to four trials on the day
of injury was recorded (usually ~1505s). The Rotarod testing was re-
peated on the mice 24 h post-TBI and the ratio of the average latency
values pre- and post-TBI for each mouse were determined: injured T4
transgenic and T4 wild-type mice (n=8), sham T4 mice (n=4), T4
wild-type mice (n = 3).

Treadmill gait analysis was performed using the DigiGait™ (Mouse
Specifics Inc.) system. Digital images of paw placement were recorded
through a clear treadmill from the ventral plane of the animal. Mice
were first tested in a single session at a 15cm/s treadmill speed prior
to injury. At 170 min post-injury, mice were tested again at the same
speed and videos of ~5s duration of both sessions were analysed
using the DigiGait™ analysis software v.11.5 (Mouse Specifics Inc.).
Ratios of post:pre-injury values for each parameter of gait were then
calculated.

Details of patients and CSF sample collection are provided in the
online Supplementary material.

Assessment of tissue-type plasminogen
activator-plasminogen activator
inhibitor-1 complex and matrix
metalloproteinase-3 in cerebrospinal
fluid samples

Presence of t-PA:PAI1 complex in undiluted CSF obtained within 24 h
of admission was determined using the Human PAI1 t-PA complex
antigen assay ELISA kit (Molecular Innovations) according to the
manufacturer's instructions. All samples were tested in duplicate.
Total MMP3 in undiluted CSF (assayed in duplicate) was quantitated
using the Quantikine® Human Total MMP3 ELISA kit (R&D systems
Inc.) according to the manufacturer's instructions. Glasgow outcome
scale-extended (GOS-E) score 1-2 (n =7); GOS-E score 3—4 (n = 10);
GOS-E score 5-8 (n =6); non-TBI, n=8.
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Patients and sample collection: human
post-mortem brain tissue

All procedures were conducted in accordance with the Australian
National Health and Medical Research Council's National Statement
on Ethical Conduct in Human Research (2007), the Victorian Human
Tissue Act 1982, the National Code of Ethical Autopsy Practice, and
the Victorian Government Policies and Practices in Relation to Post
Mortem. Ethics approval was obtained from the Monash University
Human Research Ethics Committee (MUHRECQC).

Trauma brain samples from 12 individuals aged between 26 and 72
years (mean 51.4 years) were obtained from the Australian Brain Bank
Network. The causes of injury included motor vehicle, motorbike and
cycling accidents and falls. The post-mortem intervals varied between
40 and 129h (mean 72.8h). Patients were grouped into two cate-
gories based on survival time post-injury as follows: survival time
<17min (n=6) and survival time between 6 and 93h (mean
37.6h; n=6). Frontal cortical tissue was sampled. Control brain sam-
ples of 10 individuals, aged between 64 and 84.9 (mean 71.9 years),
with no history of brain trauma or other neurological or psychiatric
disorder and no significant neuropathology were also obtained from
the Australian Brain Bank Network. The post-mortem intervals varied
between 10 and 71h (mean 45.6h). Clinical information and epi-
demiological details of all patients are included in Table 1.

Sample preparation

Fresh frozen brain cortex samples were homogenized at 150 mg wet
weight per milllitre of PBS + 1% Triton™ X-100 + protease and
phosphatase inhibitors. Lysates were stored at —80°C until further
analysis.

Quantification of albumin and matrix
metalloproteinase-3 in human cortical
samples from controls and patients with
traumatic brain injury

Tissue homogenates were centrifuged at 13000 g for 2 min. Albumin
was determined in samples diluted in PBS, using the Human Albumin
ELISA Quantitation Set ELISA kit (Bethyl Laboratories) according to the
manufacturer's instructions and assayed in duplicate. Total MMP3 in
undiluted brain lysates was quantitated using the Quantikine® Human
Total MMP3 ELISA kit (R&D systems Inc.) according to the manufac-
turer's instructions. Individuals who died <1h post-trauma n = 6; in-
dividuals who survived >6h post-trauma n=6; non-TBI controls
n=10.

Statistical analyses

Normality tests were conducted for each experiment, and parametric
or non-parametric analyses were carried out as specified below.

The student's t-test (unpaired, two-tailed) was used to analyse dif-
ferences amongst cohorts in Figs 2A(i) and 2B, 3A, B(i), B(iii) and C;
and 4. In Figs 2A(i) and B(i); 3C; and 4B and C, statistical significance
was determined by the student's t-test (unpaired, two-tailed) while
comparing the raw data in each cohort; although the data have
been depicted as fold change relative to contralateral/vehicle control.

The Mann-Whitney test (two-tailed) was used to compare cohorts
in Fig. 3B(ii).
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Table 1 Clinical and epidemiological details of TBI and
non-TBI patients used for Fig. 5C

Primary cause of death Age PMI  Survival
time (h)

TBI case no.
1 Neurotrauma (fall) 61.7 40 93
2 Neurotrauma (MVA) 709 114 76
3 Neurotrauma (MVA) 59.6 80 35
4 Neurotrauma (fall) 64.6 61 8
5  Neurotrauma (fall) 46 129 6
6  Neurotrauma (MVA) 563 65 8
7 Neurotrauma (motorbike accident) 52.8 65 <1
8  Neurotrauma (cycling accident) 32.8 50 <1
9  Neurotrauma (MVA) 51.1 60 <1
10 Neurotrauma (MVA) 57.9 87 <1
11 Neurotrauma (MVA) 18.3 79 <1
12 Neurotrauma (MVA) 452 43 <1
Non-TBI case no.
1 IHD 74.8 61.5
2 IHD 759 50
3 IHD 84.9 43
4 Asthma 51.6 64
5  Leukaemia 772 69
6 IHD 69.6 71
7 IHD 84.8 39.5
8 IHD 64.1 24
9 Pneumonia 66.9 10
10  Pulmonary embolism 694 24

IHD = ischaemic heart disease; PMI = post-mortem interval; MVA = motor vehicle
accident.

The Kruskal-Wallis test followed by Dunn's multiple comparison test
were used to compare groups in Figs 1E, 5A and 5C(i).

One-way ANOVA with Newman-Keul's post hoc analysis was used
to compare groups in Figs 2A(ii) and (iii); and 5C(ii).

Two-way ANOVA with Bonferroni's post hoc analysis was used to
determine statistical significance for cohorts in Fig. 1A-D.

Spearman co-efficients were used to study correlations between
levels of t-PA:PAI1  complex and severity (GOS-E score)
(Supplementary Fig. 1A) as well as between concentrations of
t-PA:PAI1 complex and MMP3 antigen in Supplementary Fig. 1B. In
all cases, P < 0.05 was considered statistically significant.

Results

Tissue-type plasminogen activator pro-
motes traumatic brain injury severity
and increases expression of matrix
metalloproteinases

To define the relationship between endogenous t-PA and the in-
tegrity of the neurovascular unit after TBI, we induced TBI in
t-PA™/~ mice and in transgenic T4 mice that over-express neur-
onal t-PA (Madani et al., 1999). T4 mice displayed the greatest

degree of neurovascular permeability at 3 h post-TBI compared to
their wild-type littermate controls whereas t-PA~/~ mice were
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Figure 1 t-PA activity is associated with increased neurovascular permeability, lesion volume and gelatinolytic activity after TBI. (A) Evan's
blue extravasation is increased in T4 transgenic relative to T4 wild-type mice at 3 h post-TBI. t-PA~/~ mice are protected from cere-
brovascular damage relative to wild-type mice (Wt); T4 transgenic mice (injured n = 5, sham n = 4); T4 wild-type mice (injured n = 8, sham
n = 3); wild-type mice (injured n = 6, sham n = 4); t-PA~/~ mice (injured n = 7, sham n = 8). (B) T4 mice have larger lesion volumes
relative to T4 wild-type mice 24 h after severe trauma; T4 transgenic and T4 wild-type injured (n = 8), sham (n = 6). (C) T4 mice have
increased Rotarod deficit relative to T4 wild-type at 24 h post-severe TBI; injured T4 transgenic and T4 wild-type mice (n = 8), sham T4
mice (n = 4), T4 wild-type mice (n = 3). (D) Gelatinolytic activity is increased in T4 mice relative to T4 wild-type mice at 3 h post-TBI. (i) A
t-PA-dependent increase in pro-MMP9 in the ipsilateral (ipsi) relative to the contralateral cortex (contra) in injured T4 and T4 wild-type
mice; MMP-2 activity is increased equally in both T4 and T4 wild-type ipsilateral cortex; MIMP2/9 positive control is conditioned media
from HT1080 fibrosarcoma cells. (ii) Fold change in pro-MMP9 activity i.e. increase in activity in injured normalized to the baseline activity
value of sham mice; T4 transgenic and T4 wild-type mice (injured n = 6); sham T4 (n = 4), T4 wild-type (n = 3). (E) Temporal profile of
gelatinolytic activity shows a selective increase at 3 h following TBI and return to baseline levels by 24 h post-TBI in the ipsilateral relative to
the contralateral cortex as determined by extent of cleavage of fluorescein isothiocyanate-gelatin in wild-type mice; n = 5. Data expressed
as mean =+ SD. T4-Wt = T4 wild-type.

significantly protected from neurovascular breakdown [Fig. 1A; T4 area. However, MMP3 messenger RNA expression was signifi-
mice (injured n =5, sham n = 4); T4 wild-type mice (injured n =8, cantly increased in the ipsilateral cortex in all animals except for
sham n = 3); wild-type mice (injured n =6, sham n = 4); t-PA~/~ t-PA~/~ mice (not shown). Total gelatinolytic activity was ele-
mice (injured n =7, sham n=8)]. T4 mice also had significantly vated in the ipsilateral cortex of wild-type mice after 3h
larger lesion volumes [Fig. 1B; T4 transgenic and T4 wild-type post-TBI, which returned to basal levels by 24 h (Fig. 1E; wild-type
injured (n=8), sham (n=6)] and displayed greater neurological mice; n =5). Interestingly, t-PA activity is similarly increased from

impairment [Fig. 1C; injured T4 transgenic and T4 wild-type mice 1 to 3h post-TBI and returns to baseline levels by 24h
(n=8), sham T4 mice (n=4), T4 wild-type mice (n=3)] at 24h (Sashindranath et al., 2011) suggesting that endogenous t-PA is
post-severe TBI. These data indicate that the detrimental effects of associated with the induction of MMPs after TBI.
t-PA after TBI are concentration-dependent.

The t-PA-dependent increase in neurovascular permeability fol- : _ .
lowing TBI was associated with induction of MMPs. Pro-MMP9 BIOCkade Of tissue type plasmlnogen

levels were increased in the injured cortex of wild-type mice at 3h activator aCtiVitY W|th P|asminogen
post-TBI (Fig. 1D), but were further elevated in T4 mice; T4 trans- activator inhibitor-1 enhances

genic and T4 wild-type mice (injured n = 6); sham T4 (n =4), T4 HH
wild-type (n =3). MMP9 messenger RNA levels were unchanged neurovascular permeablllty

after injury in all mice (not shown); indicating that endogenous As we have previously shown (Sashindranath et al., 2011), en-
t-PA participates in the recruitment of MMP9 into the lesioned dogenous t-PA activity is increased in the ipsilateral cortex within
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3h post-TBI in vehicle injected mice [Fig. 2A()]. To determine
whether inhibition of endogenous t-PA would reduce neurovascu-
lar permeability following TBI, we injected the t-PA inhibitor, PAI1
into the cortex within 10 min post-TBI. Injection of PAI1 com-
pletely blocked endogenous t-PA activity [Fig. 2A()]. However,
despite the inhibition of t-PA activity, the presence of PAI1
caused an unexpected increase in albumin extravasation at 3h
post-TBI [Fig. 2A(ii); n=9, PAI1; n =8, vehicle] together with a
concomitant induction of MMP3 [Fig. 2A(iii)]. Co-injection of the
pan-LDLR antagonist, receptor associated protein with PAI1 re-
versed the effects of PAI1 on albumin extravasation [Fig. 2A(ii)]
and reduced MMP3 induction [Fig. 2A(iii)]. Co-injection of recep-
tor associated protein did not interfere with the inhibitory capacity
of PAI1 against t-PA [Fig. 2A(i); n =8 PAI1 + receptor associated
protein].

To confirm that PAI1 was promoting TBI-induced albumin ex-
travasation via LDLRs, we intracortically injected the PAI1 R76E
mutant, which has a reduced binding affinity to LDLRs (Stefansson
et al., 1998). t-PA activity was inhibited at 3h post-trauma fol-
lowing injection of PAI1 R76E [Fig. 2B(i)]; however, no increase in
albumin extravasation [Fig. 2B(ii)] or MMP3 was observed
[Fig. 2B(iii); n =7 PAI1 R76E, n =8 vehicle].

Tissue-type plasminogen activator-
plasminogen activator inhibitor-1
complex formation promotes traumatic
brain injury severity

The data described above point to t-PA:PAI1 complex formation
and engagement of an LDLR-family member as the driving force
underlying the ability of t-PA and PAI1 to damage the neurovas-
cular unit post-TBI. To verify the requirement of t-PA:PAI1 com-
plex formation, PAI1 was injected intracortically into the
TBl-induced lesion of t-PA~—/~ mice. As shown in Fig. 3, the net
increase in both albumin extravasation and MMP3 in the ipsilateral
cortex relative to the contralateral cortex was lower in t-PA~/~
mice when compared with wild-type mice (Fig. 2). These findings
are consistent with those presented in Fig. 1A showing that
t-PA~/~ mice are significantly protected from neurovascular
damage after TBI.

Injection of PAI1 in t-PA~/~ mice produced no enhancement of
permeability 3 h post-TBI [Fig. 3A ()] and did not trigger an in-
crease in MMP3 levels relative to vehicle injected control mice
[Fig. 3A (ii); n=10 PAI1 n=5 vehicle]. Hence the ability of
PAI1 to exacerbate cerebrovascular permeability after TBI requires
the presence of t-PA, most likely in the form of a t-PA:PAI1
complex.

To support this finding and to rule out the possibility that
t-PA™/~ mice were inherently protected against further injury,
the preformed t-PA:PAI1 complex was injected intracortically
into t-PA~/~ mice after TBI. Injection of the t-PA:PAI1 complex
caused a significant increase in albumin extravasation [Fig. 3B(i);
n =10 t-PA:PAI1 complex, n =9 vehicle] at 3 h post-TBI. A 5-fold
increase in MMP3 messenger RNA levels [Fig. 3B(ii); n=4
t-PA:PAI1 complex, n =5 vehicle] as well as a significant induction
in MMP3 antigen was also observed [Fig. 3B(iii); n = 10 t-PA:PAI1
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complex, n =9 vehicle] in the ipsilateral cortex. Injection of the
t-PA:PAI1 complex also worsened neurological function as mea-
sured by changes in gait indices using the DigiGait™ system
(Fig. 3C; n =10). Hence, t-PA:PAI1 complex formation is sufficient
to increase permeability of the neurovascular unit and impair
motor function post-TBI.

The tissue-type plasminogen activator-
plasminogen activator inhibitor-1
complex increases albumin extravasa-
tion into the brain parenchyma in the
absence of injury

A non-injury paradigm was next used to determine whether the
t-PA:PAI1 complex could directly promote cerebrovascular perme-
ability. As shown in Fig. 3D, intraventricular injection of t-PA:PAI1
complex in uninjured wild-type mice increased albumin extravasa-
tion in the contralateral hemisphere 1h post-injection (n=5
t-PA:PAI1 complex, n =4 vehicle). Hence the t-PA:PAI1 complex
is sufficient to alter permeability of the neurovascular unit in the
absence of injury.

Inhibition of matrix metalloproteinase-3
attenuates traumatic brain injury
severity

The t-PA-dependent induction of MMPs following TBI prompted
us to determine whether inhibition of MMP activity would rescue
trauma-induced neurovascular dysfunction. Administration of the
MMP2/9 inhibitor SB-3CT (Gu et al., 2005) produced a
non-significant decrease in albumin extravasation at 3 h post-TBI
(not shown). However, administration of the orally active MMP3
inhibitor NNGH (MacPherson et al., 1997) at 30 min prior to and
90min after induction of TBI in wild-type mice significantly
reduced neurovascular damage (Fig. 4A; n=10) and also im-
proved neurological outcome at 3h post-TBI as assessed by the
DigiGait™ system (Fig. 4C and Supplementary Video 1; n=9).
Administration of NNGH did not alter the TBI-induced increase in
t-PA activity (Fig. 4B; n=10). Hence MMP3 is downstream of
t-PA:PAI1-mediated signalling through LDLRs and is a key modu-
lator of the enhanced neurovascular permeability.

Tissue-type plasminogen activator-
plasminogen activator inhibitor-1
complex and matrix metalloproteinase-3
levels are elevated in the cerebrospinal
fluid of patients with traumatic brain
injury

To determine the clinical relevance of these experimental find-
ings, we examined levels of MMP3 and t-PA:PAI1 complex in
CSF from 23 human patients with TBI categorized into three

groups based on the severity and outcome of the trauma as
determined by the GOS-E score. A GOS-E score of 1 indicates
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Figure 2 Injection of PAI1 exacerbates neurovascular damage via LDLRs. (A) Intracortical injection of stable mouse PAI1 post-TBI in
wild-type mice (i) inhibits t-PA activity within the ipsilateral cortex as measured by an S2251-based amidolytic assay (Sashindranath et al.,
2011); receptor associated protein does not interfere with the inhibitory action of PAI1 against t-PA; n = 8-10 (data depicted as
fold-change in t-PA activity the ipsilateral cortex normalized to the t-PA activity in the contralateral cortex) and (ii) causes a significant
increase in albumin extravasation in the ipsilateral relative to the contralateral cortex at 3 h post-TBI; this increase is blocked when receptor
associated protein is co-injected with PAI1. [A(iii)] Concentration of MMP3 antigen in the ipsilateral cortex increases when PAI1 is
injected, and decreases when receptor associated protein is co-injected with PAI1; n =9 PAI1, n = 8 PAI1 + receptor associated protein,
n =10 vehicle. [B(i)]: Intra-cortical injection of the stable human PAI1 R76E mutant after TBI in wild-type mice inhibits t-PA activity
(ii) PAI1 R76E mutant has no effect on albumin extravasation or (iii) MMP3 concentrations at 3 h post-TBI when injected intracortically;
n=7; PAI1 R76E, n = 8 vehicle. Data expressed as mean & SD. RAP = receptor associated protein.

mortality and a score of 8 indicates sufficient recovery. The
concentrations of t-PA:PAI1 complex were significantly elevated
in patients with TBI with GOS-E scores 1-2, slightly lower in
patients with a GOS-E scores 3-4 and absent in patients with
GOS-E scores of 5-8, as well as in the eight non-TBI controls
that were included in the study [Fig 5A(i)]. Therefore, t-PA:PAI1
complex levels were significantly elevated in patients with TBI
and positively correlated with neurological outcome (i.e. nega-
tively correlated with GOS-E score; r= —0.539; P =0.0079;
Supplementary Fig. 1A). Importantly, serum t-PA:PAI1 complex
levels did not correlate with GOS-E score or with CSF t-PA:PAI1
complex levels (Supplementary Fig. 1C and D; n=9). However,
due to the small dataset and the absence of corresponding
CSF:serum albumin quotient data, we are unable to conclude

whether the presence of the t-PA:PAI1 complex in the CSF of
patients with severe TBI is due to altered blood-brain or blood-
CSF barrier integrity or if derived from the CNS. Fibrin zymo-
graphy, which detects active and complexed t-PA (Philips et al.,
1984), also revealed the presence of high-molecular weight t-PA
complexes with little or no free t-PA in these CSF samples (not
shown). Concentrations of MMP3 antigen was also significantly
increased in the CSF of patients with severe TBI, while in the
CSF of patients with less severe TBI, MMP3 concentrations were
similar to that of non-TBI cases [Fig. 5A(ii)] and correlated posi-
tively with that of the t-PA:PAI1 complex (r=0.585; P = 0.0006;
Supplementary Fig. 1B) in all cases; GOS-E score 1-2 (n=7),
GOS-E score 3-4 (n=10); GOS-E score 5-8 (n=6); non-TBI
n=38.
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Figure 3 t-PA:PAI1 complex formation promotes neurovascular damage after TBI. (A) Intracortical injection of stable PAI1 in t-PA~/~
mice post-TBI does not alter (i) albumin extravasation or (ii) MMP3 antigen levels relative to vehicle controls at 3 h post-TBI (PAI1 n =5,
vehicle n = 10). [B(i)] Intracortical injection of the preformed t-PA:PAI1 complex into the ipsilateral cortex of t-PA~/~ mice increases

vascular permeability (t-PA:PAI1 complex n = 9; vehicle n = 10); (ii) MMP3 messenger RNA (t-PA:PAI1 complex n = 5, vehicle n = 4); and
(iii) MMP3 antigen levels 3 h post-trauma (t-PA:PAI1 complex n = 9; vehicle n = 10). (C) DigiGait™" analysis shows a significant increase
in post:pre-injury ratio of deceleration in the right forelimb, stance in the left forelimb as well as in right hind-limb loading, indicating a
greater behavioural deficit following intracortical injection of the t-PA:PAI1 complex after TBI; normalized to the post:pre-injury ratio of
these parameters in vehicle injected t-PA~/~ animals; n = 11. (D) Intraventricular injection of the t-PA:PAI1 complex (500 nM in 1.5 pul) in
wild-type mice significantly increases albumin extravasation at 1 h post-injection (t-PA:PAI1 complex n = 5, vehicle n = 4). Data expressed

as mean =+ SD. WT = wild-type.

Gelatin zymography also revealed that MMP-9 and most likely
MMP-9:TIMP-1 (tissue inhibitor of metalloproteinase-1) complex
levels were markedly elevated in the CSF of all patients with TBI as
compared with non-TBI control patients (Fig. 5B). These data con-
firm a preliminary report suggesting that MMP3 and MMP-9 con-
centrations in CSF are increased with severity following TBI
(Grossetete et al., 2009).

Matrix metalloproteinase-3 and
albumin are significantly increased in
human autopsy brain tissue of patients
with neurotrauma

In a separate cohort of post-mortem cortical tissue of human TBI

cases and non-TBI controls, significant increases in albumin and
MMP3 antigen were seen in samples from patients who survived

>6h post-injury (Fig. 5C); patients who died within 1h of injury
(n=6), patients who survived >6h post-injury (n=6), non-TBI
control cases (n = 10). Therefore, MMP3 may also be involved in
the secondary phase of blood-brain barrier opening after brain
injury (Yang and Rosenberg, 2011). To our knowledge, this is
the first report showing increased MMP3 expression in
post-mortem tissue of human TBI cases. We were unable to
detect the t-PA:PAI1 complex in these post-mortem samples by
ELISA, although others have shown increased astrocytic and
microglial expression of both t-PA and PAI1 in post-mortem
human trauma brain tissue (Dietzmann et al., 2000).

Discussion

The neurovascular unit is a complex structure that defines the
operating environment of the CNS by modulating the passage
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Figure 4 MMP3 mediates neurovascular breakdown at 3 h post-TBI. (A) Oral administration of the MMP3 inhibitor NNGH into wild-type
mice reduces albumin extravasation at 3 h post-TBI. (B) NNGH administration does not alter the TBI-induced increase in t-PA activity in the
ipsilateral cortex. (C) NNGH causes a significant improvement in post : pre-injury ratio of braking in the right forelimb, stance in the left
forelimb as well as in right hindlimb loading, indicating improved neurological outcome; data normalized to the post : pre-injury ratio of
these parameters in vehicle-gavaged control mice, n = 10. Data expressed as mean =+ SD.

of substances between the blood and the CSF and brain paren-
chyma (Hawkins and Davis, 2005). The plasminogen activating
system and t-PA in particular is critical for extracellular proteolysis
in the brain, which regulates cell migration, neurite extension and
synaptic plasticity. The molecular basis for the adverse effects of
t-PA on neurovascular homeostasis has remained inconclusive (Lo
et al., 2004; Lemarchant et al., 2012). Indeed, various models of
t-PA-mediated exacerbation of neurovascular permeability have
been described thus far (Yepes et al., 2003; Polavarapu et al.,
2007; Zhang et al., 2009b; Macrez et al., 2011). In models of
cerebral ischaemia, t-PA promotes haemorrhagic transformation
by cleaving latent platelet-derived growth factor-CC (PDGF-CC)
through LDLR-related protein, thereby activating the PDGF« re-
ceptor (Su et al., 2008). The binding of t-PA to LDLR-related
protein has been shown to increase neurovascular permeability
through both MMP9-dependent (Tsuji et al., 2005; Zhang
et al., 2009a) and independent means (Yepes et al., 2003).
Proteolytically active t-PA also induces MMP3 through LDLRs

and the NF«B pathway in endothelial cells under ischaemic stress
(Suzuki et al., 2009), which is linked to increased bleeding in a
model of intracranial haemorrhage (Suzuki et al., 2007). Previous
studies have revealed a deleterious effect of t-PA following TBI,
t-PA~/~ mice subjected to TBI displayed reduced oedema within
24 h post-TBI and reduced cortical lesion volume at 7 days post
TBI (Mori et al., 2001) while intravenous administration of human
t-PA to pigs subjected to a fluid percussion injury model of TBI
increased brain water content (Armstead et al., 2006) through a
mechanism that involves increased vasodilatation and mitogen
activated protein kinase activation (Armstead et al., 2011).

In this article, we have demonstrated that measuring extrava-
sated albumin in PBS-perfused brain tissue is an accurate method
of studying changes in neurovascular permeability. The ELISA
method requires tissue lysates to be prepared by regular methods
such as homogenizing in PBS with Triton™ X-100 and does not
require precipitation of proteins. Hence these homogenates can be
used for other proteomic analyses such as ELISAs, immunoblotting
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Figure 5 t-PA:PAI1 complex and MMP3 are elevated after injury in CSF of trauma patients, and concentrations of MMP3 and albumin
are increased in the injured cortex of human TBI cases. [A(i)] t-PA:PAI1 complex concentration is elevated in patients with GOS-E score
1-2 (death, vegetative state; n =7), low in patients with GOS-E score 3—4 (severe disability; n = 10) and undetectable in patients with
GOS-E score of 5-8 (moderate disability to good recovery; n = 6) and in all control patients (n = 8); t-PA:PAI1 complex levels correlate
with neurological outcome (r= —0.539; P = 0.0079, see Supplementary Fig. 1A). [A(ii)] MMP3 concentration in CSF also increases with
injury severity, and correlates with the t-PA:PAI1 complex (r = 0.585; P = 0.0006, Supplementary Fig. 1B). (B) Gelatin zymogram shows
marked elevation in MMP9 and likely MMP9:TIMP-1 complexes but not MMP2 activity in CSF of 12 patients with TBI (GOS-E score 1-4;
indicated below gel). MMP9 is absent or weakly detected in eight non-TBI control patients. MIMP2/9 positive control is conditioned media
of HT-1080 fibrosarcoma cells. The results presented comprise images from four separate (non-contiguous) zymograms of CSF samples
from control and patients with TBI; control and TBI sample lanes have been grouped for clarity. The individual gels are separated by a
white line. [C(i)] Increased albumin content in brain tissue of patients with TBI compared with non-TBI control cases (n = 10) within 1 h of
injury (n = 6) and a further increased in patients who survived >6h post-injury (n = 6) (Table 1). (ii) MMP3 antigen levels in the same
cortical tissue are significantly elevated at >6h post-injury compared with non-TBI control patients. Data expressed as mean =+ SD.

and activity assays. Thus, it enables a reduction of the number of
experimental animals, as multiple readouts are obtained from a
single cohort of mice.

Here, we show that the intracortical injection of the t-PA:PAI1
complex in t-PA~/~ mice after TBI recapitulates the extent of
albumin extravasation and MMP3 induction observed in injured
wild-type mice. Importantly, the degree of neurovascular perme-
ability correlates with a poorer neurological outcome as early as
3h post-injury, as measured by the ventral plane video imaging
apparatus (DigiGait™). We also show that injection of the

t-PA:PAI1 complex directly into the CSF in uninjured mice triggers
disruption of cerebrovascular integrity leading to extravasation of
albumin into the brain parenchyma within 1h. We speculate that
this effect of t-PA:PAI1 complex formation may be a physiological
response during injury (that is overwhelmed during TBI) possibly to
increase energy availability.

Our data parallel a report by Yepes et al. (2003) showing an
increase in neurovascular breakdown following intraventricular in-
jection of active t-PA in wild-type. Active t-PA, through interaction
with  LDLR-related protein, directly caused neurovascular
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dysfunction, independently of plasminogen and MMP9. It was
speculated that t-PA associated with LDLR-related protein to
cause neurovascular damage through a specific cell signalling
event. It remains to be seen if active t-PA also acts on the neu-
rovascular unit following TBI [i.e. through its proteolytic action as
seen in models of ischaemic stroke (Su et al., 2008)].

The source of PAI1 could be neuronal or astrocytic or could be
derived from the blood following TBI, although the concentration
of the t-PA:PAI1 complex in serum derived from a subset of the
patients with TBI did not correlate with the concentration in the
corresponding CSF sample (Supplementary Fig. 1D). Similarly, t-PA
is likely to be derived from the CNS given the high expression of
this protease in this compartment (Sashindranath et al., 2011)
compared with the circulation. We also note that t-PA:PAI1 com-
plex levels are reported to be higher in serum than in the corres-
ponding plasma (Nilsson et al., 2005) due to the clotting process,
hence future studies should use plasma samples to provide a
better baseline value. Nonetheless, even though the source of
the t-PA and PAI1 observed in the CSF of these patients with
TBI remains to be formally determined, our findings suggest that
regardless of its source, the increased affinity of the t-PA:PAI1
complex for LDLRs could trigger signalling cascades leading to
induction of MMP3, a protease that can actively degrade the
basal lamina of the neurovascular unit.

An emerging consensus regarding t-PA-mediated disruption of
neurovascular integrity is that it: (i) requires proteolytic activity;
(ii) is independent of plasmin; and (iii) involves engagement with
an LDLR family member. Our data showing the deleterious effects
of the t-PA:PAI1 complex on the neurovasculature provide a novel
paradigm that links these events in TBI. Furthermore, since the
binding affinity of t-PA for LDLRs is amplified over 300-fold
upon complex formation (Nykjaer et al., 1994), we suggest that
PAI1 serves as a conduit for t-PA in LDLR signalling and conse-
quent abrogation of neurovascular integrity. It remains to be
determined if complex formation between t-PA and other serpins
(i.e. neuroserpin and protease nexin-1) also produces similar ef-
fects after trauma or if this is a unique property of the t-PA:PAI1
complex.

Since t-PA mediated proteolysis has independently been asso-
ciated with promotion of neurovascular permeability in other CNS
paradigms (Polavarapu et al., 2007; Su et al., 2008), it would have
been reasonably assumed that abrogation of t-PA activity by its
cognate inhibitors and subsequent internalization of complexes
would reverse these deleterious effects. Indeed, intravenous
delivery of t-PA into uninjured mice was reported to increase
neurovascular permeability in a process that was inhibited by
intravenous co-treatment with PAI1 (Fanne et al., 2010).
However, our findings indicate that the opposite can actually
occur, since injection of PAI1 into the brain parenchyma promotes
neurovascular permeability by the formation of the t-PA:PAI1
complex.

The MMPs comprise a second major proteolytic system in the
mammalian brain and are also pivotal to CNS function, being
involved in tissue remodelling during development and angiogen-
esis. However, a balance between production, activation and in-
hibition of MMPs must be maintained to prevent excessive
proteolysis or inhibition (Gary, 2002). MMP3 and MMP9 in

M. Sashindranath et al.

particular are rapidly induced after CNS injury and mediate neu-
rovascular breakdown in vivo by degrading the basal lamina and
tight junction proteins (Gurney et al., 2006). Expression and/or
immunoreactivity of MMP3, predominantly in astrocytes (Falo
et al., 2006), is increased in other models of TBI (Kim et al.,
2005). Here, we show that MMP3 is rapidly induced after con-
trolled cortical impact-induced TBI in mice, as well as in human
brain tissue and CSF after trauma. We demonstrate that the
t-PA:PAI1 complex singularly promotes an increase in MMP3 con-
centrations and a correlative increase in albumin extravasation
after TBI. Remarkably, levels of t-PA:PAI1 complex correlate
with that of MMP3 in
(Supplementary Fig. 1B) further suggesting that the rapid induc-
tion of MMP3 after TBI is consequent to t-PA:PAI1 complex for-
MMP3 is likely to facilitate disruption of the
cerebrovasculature in trauma as pharmacological inhibition of
MMP3 remarkably reduces the extent of albumin extravasation
and improves neurological outcome in the acute phase
(i.e. within 3h of injury). These novel data place MMP3 as an
important mediator of proteolytic degradation of the neurovascu-
lar unit in acute brain injury. MMP3 is also an activator of MMP9
(Candelario-Jalil et al., 2009); however, since inhibition of MMP9
did not protect the neurovascular unit after TBI (not shown), it is
unlikely that MMP9 is downstream of MMP3 induction and
t-PA:PAI1 complex signalling.

Accumulating data suggest that increased cerebrovascular per-
meability is responsible for short and long term brain damage after
TBI (Shlosberg et al., 2010). Yet, unlike other neurodegenerative
diseases, very little is known about the molecular mechanisms that
lead to altered neurovascular integrity in neurotrauma. Our study
demonstrates that t-PA:PAI1 complex alone is sufficient to disrupt
neurovascular integrity by inducing MMP3 after TBI, and is the
first thorough description of a link between the plasminogen ac-
tivator and MMP systems in TBI. Although t-PA:PAI1 complex
formation has not been associated with neurovascular disruption
in ischaemic stroke thus far, the findings from our TBI model sug-
gest that similar mechanisms occur. Indeed, high levels of
t-PA:PAI1 complex in human plasma are reported to be a risk
factor in stroke (Johansson et al., 2000). Levels of t-PA:PAI1 com-
plex, as well as immunoreactivity for MMP3 and LDLRs are also
increased in the brains of patients with chronic multiple sclerosis
(Maeda and Sobel, 1996; Gveric et al., 2003, 2005) suggesting
that t-PA:PAI1 complex formation may be associated with altered
neurovascular permeability in a broader context. We propose that
the t-PA:PAI1 complex and MMP3 are highly relevant targets for
therapeutic intervention in TBI and other CNS diseases where
neurovascular integrity is compromised.

CSF of human trauma cases

mation.
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