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Short-term inhibition of fibrinolytic
system restores locomotor function
after spinal cord injury in mice
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& Tsukasa Ohmori®3

Spinal cord injury (SCI) is caused by an initial mechanical insult followed by a series of deleterious events
that promote the progressive damage of affected tissues. Fibrinolysis, the process by which plasmin
degrades cross-linked fibrin clots, has numerous functions in the central nervous system. However,

the roles of the fibrinolytic system in SCI pathophysiology remain unknown. We investigated the

roles of fibrinolysis in SCI, and explored therapeutic applications targeting fibrinolysis. Plasminogen-
deficient (Plg—/~) mice exhibited significantly improved locomotor function in the early phase of SCI
(the first 7 days post injury), with significant inhibition of bleeding and vascular permeability, but

failed to demonstrate conclusive functional recovery. Consistent with these findings, the short-term
administration of tranexamic acid (TXA) in wild-type mice over the first 3 days post injury significantly
improved locomotor function after SCI, whereas prolonged TXA administration did not. Prolonged

TXA administration resulted in significantly lower levels of matrix metalloproteinase activities in the
spinal cord, suggesting that inhibition of the fibrinolytic system impaired tissue remodeling. Our results
indicate that the fibrinolytic system has time-dependent biphasic actions following SCI. The temporally
optimised modulation of fibrinolytic activity may thus be a novel therapeutic strategy to improve
functional outcomes after SCI.

Spinal cord injury (SCI) is a devastating condition that often affects young and active individuals. SCI typically
leads to persistent dysfunctions below the level of injury, including motor deficits, neuropathic pain, and neuro-
genic urinary tract dysfunction!?. Experimental models and clinical observations of SCI support the concept of
two-phased injury mechanisms, in which the initial mechanical insult (primary injury) is followed by a series of
deleterious events that promote the progressive damage of spared tissues (secondary injury)*. The events involved
in secondary injury include the breakdown of the blood-spinal cord barrier, haemorrhage, oedema, oxidative
stress, metabolic dysfunction, glutaminergic excitotoxicity, and neuroinflammation®=. The intensity of mechan-
ical impact dictates the severity of the primary injury; however, the progression of the secondary injury may be
mitigated by early pharmacological interventions following SCI. Attenuating secondary injury in SCI is a valuable
therapeutic strategy because even minimal tissue sparing can have a profound impact on functional recovery®.
Fibrinolysis, a process in which cross-linked fibrin is degraded by plasmin, involves the conversion of plas-
minogen to plasmin by plasminogen activators’. The fibrinolytic cascade is initiated by tissue-type plasminogen
activator (tPA) and/or urokinase-type plasminogen activator (uPA), and is tightly regulated by plasminogen acti-
vator inhibitor-1 (PAI-1)%. Over the past decades, research using mice that are deficient in these components of
the fibrinolytic system have extended the known roles of this system to cover a range of functions in the central
nervous system (CNS)3-1%. A number of reports also suggest the existence of a plasmin-independent mechanism
of fibrinolysis in the CNS that modulates the cellular action of astrocytes, neurons, and microglia, and which is
involved in a number of pathological conditions in the CNS’. Although the pleiotropic functions of fibrinolysis
are important for molecular biology, their diversity make it difficult to extrapolate the results obtained from the
bench to the clinic. For example, tPA~'~ mice have enhanced functional recovery and reduced tissue damage after
SCI'. In contrast, uPA~/~ mice have impaired structural remodeling of phrenic motor neuron synapses after
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undergoing spinal cord hemisection'?. Therefore, the role of plasmin-dependent fibrinolysis in secondary injury
in SCI and its impact on functional recovery remain unclear.

We hypothesised that the fibrinolytic system is involved in secondary injury mechanisms, because the
progressive expansion of secondary haemorrhage, associated with capillary fragmentation, is one of the most
destructive mechanisms of secondary injury in the CNS>"*. Here, we examined the role of the fibrinolytic process
using a clinically relevant contusion model of SCI in mice. The objectives of this study were to: 1) reveal the effect
of plasmin-dependent fibrinolytic processes on functional recovery from SCI using gene-engineered mice; and
2) develop a therapeutic strategy targeting components of the fibrinolytic system.

Results

Plasminogen deficiency enhances locomotor recovery in the acute phase of SCI.  We first
employed plasminogen-deficient (Plg~/~) mice to investigate the role of the fibrinolytic system in locomotor
recovery after SCI. We compared locomotor recovery of Plg™~ mice with that of Plg™/* (wild-type) mice after a
contusion SCI. Plg~'~ mice had significantly better Basso Mouse Scale (BMS) scores® than Plg*/* mice at 3 and 7
days post injury (dpi; repeated-measures ANOVA followed by a post-hoc test); however, this statistically signif-
icant difference disappeared at 14 dpi or later (Fig. 1a). Similarly, Plg~'~ mice demonstrated significantly better
locomotor performance than Plg*/* mice in the rotarod test at 3 and 7 dpi only (Fig. 1b). Consistent with the
similar locomotor function at the endpoint of our study, histological evaluation revealed that fibrous scar tissue
sizes, demarcated by fibronectin staining, did not differ significantly between the groups at 28 dpi (Fig. 1¢,d).

Decreased blood—spinal cord barrier permeability and tissue bleeding in Plg~/— mice. To deter-
mine genotype-dependent differences in early pathological changes following SCI, we assessed blood-spinal cord
barrier permeability at 1 dpi using a luciferase assay. Plg~/~ mice had significantly decreased blood-spinal cord
barrier permeability compared with Plg*/* mice (Fig. 1€). We further examined the amount of tissue bleeding in
the contused spinal cord at 1dpi; Plg~'~ mice had significantly decreased tissue bleeding compared with Plgt/+
mice (Fig. 1f).

Acute administration of tranexamic acid (TXA) promotes functional recovery after SCI.  Based
on the transiently enhanced locomotor recovery in Plg~/~ mice, we hypothesised that plasminogen deficiency
might exert a protective effect up to 3 to 7 dpi, but that it subsequently interferes with regeneration processes after
SCI because of the important role that the fibrinolytic system plays in tissue remodelling'. To test this hypothesis,
wild-type mice were divided into four groups according to the route and duration of TXA administration: (1) a
bolus intravenous injection of TXA immediately following SCI (i.v.); (2) a bolus administration followed by per
os administration of TXA for 3 days (i.v. + p.0.3d); (3) a bolus administration followed by per os administration
of TXA for 28 days (i.v. + p.0.28d); and (4) a bolus intravenous injection of saline immediately following SCI
(control). Mice in the i.v. 4 p.0.3d group showed significantly improved locomotor function assessed by both the
BMS scale and the rotarod test compared with those in the control group (P=0.004 and P = 0.005, respectively;
repeated-measures ANOVA; n= 15 for each group; Fig. 2¢,d). Post-hoc tests at each time point revealed that BMS
scores differed significantly between these two groups at 3, 21, and 28 dpi (Fig. 2¢,d). Consistent with the loco-
motor function results, the fibrous scar tissue areas were significantly smaller in the i.v. + p.0.3d group than those
in the control group (Fig. 3a,b). We confirmed the reduced histological damage by a stereological quantitative
analysis of Luxol Fast Blue (LFB) staining for myelin sparing. Mice treated with TXA (i.v. 4 p.0.3d) had signifi-
cantly increased sparing of LFB-positive myelin compared with saline-treated control mice (P=0.015; two-way
repeated-measures ANOVA; n =7 for each group; Supplementary Fig. 1). In contrast, continuous administration
and a single intravenous injection of TXA failed to improve locomotor function (Fig. 2a,b). These data suggest
that short-term inhibition of fibrinolytic activity during the acute phase of SCI improves locomotor function.

TXA reduces blood—spinal cord barrier permeability, tissue bleeding, and production of inflam-
matory cytokines and chemokines. We next examined whether TXA can improve the acute phase of
secondary injury. Similar to the results obtained from Plg~/~ mice, mice treated with TXA (i.v. 4 p.0.3d) had sig-
nificantly decreased blood-spinal cord barrier permeability compared with saline-treated mice at 1 dpi (Fig. 3¢).
The amount of tissue bleeding also appeared to be reduced in TXA-treated mice compared with control mice,
although the difference did not reach statistical significance (P=0.062, Mann-Whitney U test, Fig. 3d). We fur-
ther measured the local concentrations of cytokines and chemokines in the injured spinal cord using protein
array analysis. Forty cytokines and chemokines that are involved in the inflammatory process were detected using
a Proteome Profiler Array (Fig. 4a,b). Quantification of optical density revealed that TXA administration exerted
an overall suppressive effect on inflammatory cytokines and chemokines (Fig. 4b). The between-group differences
were significant for TNFq, IL-4, G-CSFE, and CXCL-10 (n =3 for each group, *P < 0.05).

TXA reduces activation of MMP-2 and MMP-9 in the injured spinal cord. We lastly investigated
whether TXA treatment abolished tissue remodelling after SCI. Matrix metalloproteinases (MMPs) are activated
through conversion from pro-MMPs by plasmin cleavage, and are reportedly involved in tissue remodelling and
regeneration after SCI'>. We measured the levels of active MMP-2 and MMP-9 expression in the spinal cord after
SCIL, without or with TXA treatment (TXA i.v. 4 p.o.). The active forms of MMP-2 and MMP-9 at 1 dpi were
lower in TXA-treated mice than in saline-treated control mice, although this difference did not reach statistical
significance in the case of MMP-2 (Fig. 5a,b). The statistically significant reduction in MMP activation with TXA
treatment became clearer at 7 dpi (Fig. 5a,b). These data suggest that prolonged TXA exposure inhibits MMP
activation at the site of injury and thus affects resultant tissue remodelling.
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Figure 1. Plasminogen deficiency enhances locomotor recovery in the acute phase of SCI. Contusion SCI was
induced using the Infinite Horizons impactor in Plg*’* and Plg~/~ mice. (a,b) The recovery of motor function
was assessed by the BMS score (a) and the rotarod performance test (b) at the indicated times after SCI. Values
and error bars represent mean & SEM (n =12 in each group). *P < 0.05, **P < 0.01, compared between Plg*/*
and Plg~/~ mice (post-hoc Bonferroni test). (c,d) Area of fibrous scar tissue in the spinal cord was assessed

by fibronectin staining at 28 dpi. (c) Scar area was quantified using image analysis software. Values and error
bars represent mean + SD (n =5 in each group). (d) Representative micrographs of fibronectin staining. (e,f)
Vascular permeability (e) and tissue bleeding (f) in the spinal cord at 1 dpi were assessed by haemoglobin
concentration and luciferase extravasation, respectively. Values and error bars represent mean & SD (n=7 and
9 in each group, respectively). **P < 0.01, compared between Plg*/* and Plg”~ mice (Mann-Whitney U'testin e
and two-tailed Student’s t-test in (f). Scale bars: 400 pm.
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Figure 2. Short-term administration of tranexamic acid (TXA) promotes functional recovery after SCL.
Contusion SCI was induced by the Infinite Horizons impactor in C57BL/6 mice. The mice received intravenous
treatment of saline control or 100 mg/kg of TXA. Mice were then either treated without (a,b) or with
subsequent per os administration of TXA (20 mg/mL of drinking water) for 3 days (c,d) or 28 days (e,f). The
recovery of motor function was quantified by the BMS score (a,c,e) and the rotarod performance test (b,d,f) at
the indicated times after SCI. Values and error bars represent mean &= SEM (n= 15 in each group). *P < 0.05,
**P < 0.01, compared between control and TXA treatment (post-hoc Bonferroni test).

Discussion

The modulation of classical plasmin-dependent fibrinolysis offers therapeutic potential in the control of thrombo-
sis and bleeding; recombinant tPA and TXA are widely used in clinical situations for embolic stroke and bleeding
tendency, respectively'®. To investigate plasmin-dependent roles in the pathogenesis of SCI, we used Plg~/~ mice
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Figure 3. Short-term administration of tranexamic acid (TXA) reduces the area of scar tissue in the spinal cord
after SCI. Contusion SCI was induced by the Infinite Horizons impactor in C57BL/6 mice. Mice were treated
with a bolus intravenous injection of TXA immediately after SCI (i.v.); a bolus administration followed by per
os administration of TXA for 3 days (i.v. + p.0.3d); a bolus administration followed by per os administration

of TXA for 28 days (i.v. 4 p.0.28d); or a bolus intravenous injection of saline immediately after SCI (Control).
(a,b) Area of fibrous scar tissue in the spinal cord was assessed by fibronectin staining at 28 dpi. (a) Scar area
was quantified by image analysis software. Values and error bars represent mean + SD (n =5 in each group).

*P < 0.05, compared between Control and i.v. 4+ p.0.3d groups (two-tailed Student’s ¢-test). (b) Representative
micrographs of fibronectin staining. (¢,d). Vascular permeability(c) and tissue bleeding (d) in the spinal cord at
1 dpi were assessed by haemoglobin concentration and luciferase extravasation, respectively. Values and error
bars represent mean £ SD (n =6 in each group). *P < 0.05, **P < 0.01, compared between control and TXA
treatment (Mann-Whitney U test). Scale bars: 400 pm.
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Figure 4. Changes in cytokine and chemokine profiles in the injured spinal cord with tranexamic acid (TXA)
treatment. Contusion SCI was induced by the Infinite Horizons impactor in C57BL/6 mice treated without or
with TXA. The cytokine and chemokine levels in the injured spinal cord were assessed by a Mouse Cytokine
Array Panel A kit (R&D Systems) at 1 dpi. Representative blotting of cytokine array panels in sham-operated
group, saline-treated SCI group, and TXA-treated SCI group (a). The expression of SICAM-1 in the sham
control was highest among the 40 cytokines tested, but showed a small change following the induction of SCI.
The intensity of each cytokine expression relative to its expression in the sham control was compared between
saline-treated SCI group and TXA-treated SCI group (c). Values and error bars represent mean £ SD (n=3 in
each group). *P < 0.05, compared between saline and TXA treatment (two-tailed Student’s ¢-test).
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Figure 5. TXA reduces activation of MMP-2 and MMP-9 in the injured spinal cord. Contusion SCI was
induced by the Infinite Horizons impactor in C57BL/6 mice treated without or with TXA. Mice were treated
with a bolus intravenous injection of TXA just after SCI followed by per os administration of TXA (20 mg/mL
of drinking water). The concentrations of active MMP-2 (a) and MMP-9 (b) in the spinal cord were assessed at
day 0 (laminectomised mice without SCI; Sham), day 1 (1dpi), or day 7 (7 dpi). Values and error bars represent
mean £ SD (n =6 in each group). *P < 0.05, compared between saline-treated control mice and TXA-treated
mice (two-tailed Student’s t-test).
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and TXA, a lysine derivative, to inhibit the binding of plasminogen to fibrin clots. We found that Plg~'~ mice
exhibited significantly improved locomotor function in the early phase of SCI, but failed to demonstrate con-
clusive functional recovery in the later phase. In addition, the short-term administration of TXA improved
locomotor function after SCI, whereas prolonged TXA did not. Prolonged TXA administration abolished tissue
remodeling probably though the inhibition of MMP activity.

The most important result in the present study is that the fibrinolytic system has a time-dependent biphasic
role in the pathological process following SCI. Our detailed time-lapse examination into functional recovery after
SCI allowed us to further elucidate this phenomenon. We found that in the first 7 dpi, Plg~'~ mice exhibited sig-
nificantly improved locomotor function that was associated with significant reductions in bleeding and vascular
permeability. Consistent with these findings, the short-term inhibition of plasmin activity by TXA treatment sig-
nificantly improved locomotor function after SCI. In contrast, prolonged treatment with TXA diminished its ben-
eficial effect, and resulted in the significant inhibition of MMP activation in the injured spinal cord. These results
suggest that the fibrinolytic system exacerbates spinal cord damage in the acute phase by enhancing blood-spinal
cord barrier degradation and haemorrhage; however, it also promotes tissue remodelling, probably via the acti-
vation of MMPs in the later phases of SCI.

Traumatic SCI is typically accompanied by disruption of the blood-spinal cord barrier and the subsequent
expansion of the secondary haemorrhage, which is one of the most destructive mechanisms of secondary injury
after SCI>'%. The haemorrhagic lesion extends rostrally and caudally during the hours after injury, and involves
the formation of small petechial haemorrhages on the periphery of the primary lesion'”. The haemorrhage exac-
erbates spinal cord damage by increasing oedema, ischaemia, and hypoxia of spared tissues>'*!”. Furthermore,
blood itself exerts detrimental effects in the CNS through different mechanisms: First, haemoglobin, a major
component of blood, induces cytotoxicity in neurons via an iron-dependent, oxidative mechanism'®. Second,
the blood protein fibrin elicits neuroinflammation in the CNS via the activation of CD11b/CD18" microglia,
leading to demyelination and subsequent axonal damage'®. Therefore, reducing the amount of bleeding using
anti-fibrinolytic agents, such as TXA, may protect spared neural tissue and enhance functional recovery after
traumatic SCL

SCI elicits a robust intraspinal inflammatory cascade arising from the activation of innate immune cells and
infiltrating leukocytes®. The inflammatory process plays a pivotal role in the development of secondary dam-
age, and controlling neuroinflammation is an important therapeutic approach for SCI?’. Neuroinflammatory
processes, however, appear to be a dual-edged sword: they can either be deleterious, through exacerbating neu-
ronal damage, or beneficial, through enhancing regenerative events?'. In the present study, TXA significantly
reduced the expression of several cytokines and chemokines in the spinal cord, including TNF-q, IL-4, G-CSE,
and CXCL-10, which suggests that the inhibition of fibrinolysis by TXA modulates neuroinflammation after
SCI. The reduced expression of TNF-oe and CXCL-10 is theoretically beneficial for regeneration because these
pro-inflammatory cytokines exacerbate neuroinflammation and interfere with functional recovery after SCI?.
However, the reduced expression of IL-4 and G-CSF may interfere with neurological recovery because these
cytokines are neuroprotective®>?. Further study is thus required to conclude whether TXA exerts a beneficial or
detrimental influence on the modulation of neuroinflammation after SCI.

The weakened functional recovery observed in Plg~/~ mice and in wild-type mice treated with continuous
TXA administration may be partly attributable to the suppression of local proteolytic activity that is required
for tissue remodelling and neuronal regeneration in the later phases of SCI. The fibrinolytic system enhances
extracellular matrix remodelling and cell migration through the activation of MMPs”. Therefore, the prolonged
administration of TXA beyond 7 dpi may impair the CNS remodelling process, which is mediated by the acti-
vation of MMPs. In agreement with our hypothesis, Noble et al.'> demonstrated that the short-term administra-
tion of GM6001, a general inhibitor of MMPs, promoted functional recovery after SCI; however, this beneficial
response was lost when the treatment was extended to the first week. Fibrinolysis-dependent degradation of the
extracellular matrix is also thought to promote axonal regrowth and synaptic plasticity after SCI**?*. In addition,
fibrinolysis facilitates the clearance of fibrin deposition, which induces neuroinflammation and subsequent demy-
elination via microglial activation. Taken together, the inhibition of fibrinolysis in the later phases of SCI may
interfere with neurological recovery.

Our data, obtained from mouse experiments, indicate the possibility of TXA as an acute treatment strategy
for SCI. TXA has received considerable attention for its ability to control severe bleeding in various clinical
situations. TXA successfully reduced mortality and transfusion in severe trauma patients with bleeding (in the
CRASH-2 trial)*, and the CRASH-3 trial is currently in progress to quantify the effects of early TXA adminis-
tration on death and disability in patients with traumatic brain injury?’. It has also been shown that TXA reduces
death caused by bleeding in women with post-partum haemorrhage (WOMAN trial)*. In both the CRASH-2
trial and the WOMAN trial, the administration of TXA was less effective with increasing delay, and was even
detrimental for survival if it was not administered within 1-3 h?*?%, Thus, TXA should be administrated as soon
as possible after an event onset?. This is consistent with our finding that inhibition of the fibrinolytic system at a
later phase of SCI hinders functional recovery.

In conclusion, the fibrinolytic system has time-dependent biphasic actions following SCI. Our results indicate
that the temporally optimised modulation of fibrinolytic activity may be a novel therapeutic strategy to improve
functional outcome after traumatic SCI. Because there are currently limited treatment options to restore function
in the damaged spinal cord, it is very important to develop novel therapeutic approaches. TXA has been widely
used as an antifibrinolytic drug in clinical situations for many years, and the long-term safety of the drug has
been well established. The abundant experience in its use will make it easy to apply the drug in a clinical study of
SCI. However, further experiments using larger animals and clinical trials are required to optimise the timing of
initiation, dosage, and duration of TXA administration for its application in SCI treatment.
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Methods

Animals. Plasminogen-deficient (Plg~/~) mice were provided by Dr. P. Cameliet (University of Leuven,
Leuven, Belgium)?, bred on a C57BL/6] background (B6.129S2-Plg™/~), and maintained by heterozygous
breeding. For experiments involving drug administration, C57BL/6] female mice were purchased from Japan
SLC (Shizuoka, Japan). All animal procedures were approved by the Institutional Animal Care and Concern
Committee of Jichi Medical University (Tochigi, Japan), and animal care was performed in accordance with the
guidelines of the committee.

Mouse model of contusion spinal cord injury.  Animals were anaesthetised using isoflurane and a lami-
nectomy was performed at the T10 vertebral level. Contusion SCI was induced using the Infinite Horizons impac-
tor (Infinite Horizons, L.L.C., Lexington, KY, USA) using a force of 60 kdyn. Postoperative care was performed
as previously described®. Sham-operated mice received a T10 level laminectomy without spinal cord contusion.

Locomotor function. The recovery of open-field locomotor performance was evaluated using the
nine-point BMS, which is widely used to evaluate hindlimb motor function in mice®'. Mice in an open field
were observed individually for 4 min each by two investigators blinded to the group status (Y.S. and A.K.), and
hindlimb motor function was scored according to BMS guidelines. Recovery of motor function was also quan-
tified using a rotarod performance test (MK-610A; Muromachi Kikai Co., Tokyo, Japan). The rotarod treadmill
consists of a computer-controlled stepper motor-driven drum (diameter 30 mm) with either constant or acceler-
ating speed modes; when the animal falls, the amount of time spent by the animal on the drum is automatically
recorded. We measured ride performance in the acceleration speed mode (30 rpm/300's) to assess motor function
after SCI at the indicated times. Two trials were performed by each mouse, and analysis was performed using
the average results. Both the BMS and the rotarod test were assessed at 1, 3, 7, 21, and 28 dpi. We confirmed that
laminectomy does not affect locomotor functions. Sham-operated mice (n = 3) had a score of 9 (full points) in the
BMS at all time points. In the rotarod test, there was no significant difference between naive and sham-operated
mice at 1 day post operation (301.3 & 30.4 vs. 295.0 = 47.7, P=0.856).

Drug administration. For pharmacological inhibition of the fibrinolytic system we used TXA, a lysine ana-
logue that reversibly inhibits plasminogen binding via kringle domains®*’. A bolus injection of saline containing
TXA (100 mg/kg; Merck KGaA, Darmstadt, Germany) or saline alone was administered immediately after the
contusion injury was induced. For continuous dosing, mice received per os administration of TXA via drinking
water at a concentration of 20 mg/mL.

Tissue processing. At 28 dpi, mice that were deeply anaesthetised using isoflurane were perfused with 50 mL
of phosphate-buffered saline (PBS) followed by 50 mL of 4% paraformaldehyde. The isolated spinal cord was fixed
with 4% paraformaldehyde in PBS for 2h at 4°C, and then immersed in 30% sucrose for 48 h. Spinal cords were
cut into 5 mm segments centred on the injury site before being frozen in the presence of optimal cutting tempera-
ture compound (Sakura Finetek, Torrance, CA, USA). Serial longitudinal sections (20 pm thick) or cross sections
(10 pm thick) of the cord were prepared through the lesion site from frozen tissues at —25 °C and mounted on
poly-L-lysine-coated glass slides (Matsunami, Osaka, Japan).

Measurement of lesion size. For measurement of the lesion scar size, five to seven serial sections (20
pm thick) containing the lesion epicentre were analysed per animal, as described previously****. Fibronectin
staining was performed to delineate the lesion border of fibrous scarring®. Sections were permeabilised with
0.3% Triton X-100, blocked with 5% normal horse serum in 0.1 M phosphate buffer, and incubated with primary
antibody to fibronectin (1:200; Merck KGaA) at 4 °C overnight. After rinsing with PBS, sections were incubated
for 1 h at room temperature with a species-specific secondary antibody conjugated with Alexa 594 (ThermoFisher
Scientific, Waltham, MA, USA), and then mounted in VECTASHIELD Mounting Medium with DAPI (Vector
Laboratories, Burlingame, CA, USA). Images were obtained using a fluorescence microscope (BZ-9000; Keyence,
Osaka, Japan). Measurement of the fibronectin-positive area was performed at the lesion epicentre using an image
analysis software (VH-H1A5; Keyence, Osaka, Japan). For quantification of spared white matter, Luxol fast blue
(LFB) staining was performed on serial cross sections (10 pm thick) and areas of spared white matter were cal-
culated using the Cavalieri method. Briefly, a point grid was made and superimposed onto images of the cross
sections at 200 um intervals, centred at the lesion epicentre. The epicentre was defined as the section containing
the least amount of spared white matter. Points included in the spared white matter were counted using image
analysis software (VH-H1AS5) and point tallies were converted into area estimates using the following formula:

area = a/p X » P,

where a/p equals the area represented by each point, and >_P equals the number of points counted in each image.
The percentage of spared white matter area was calculated by dividing the measured areas of spared myelin by the
average white matter area at the T10 level of sham-operated controls.

Blood-spinal cord barrier permeability. To quantify blood-spinal cord barrier permeability of proteins,
mice were anaesthetised with isoflurane, and 80 ul of a 0.5 ug/uL solution of luciferase (Merck KGaA) in PBS con-
taining 0.001% bovine serum albumin was injected into the jugular vein 30 min before processing®. Immediately
after flushing out blood by perfusing with 100 mL of PBS, a 5mm block of the spinal cord (epicentre 2.5 mm)
was collected. The luciferase activity of the spinal cord tissue was measured using a luciferase assay kit (Promega,
Madison, WI, USA) as described previously®’. The intensity of luminescence was expressed as a relative light unit
(RLU).
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Tissue bleeding. Mice were sacrificed at 1 dpi and perfused with heparinised saline to remove intravascular
blood. A freshly dissected spinal cord (epicentre & 2.5 mm) was homogenised in distilled water (250 L) and pro-
cessed to measure tissue bleeding, as previously described®. Briefly, 20 pL of supernatant containing haemoglobin
was incubated with 80 uL of Drabkin’s reagent (Merck KGaA), and the haemoglobin concentration was assessed
by measuring the optical density of the solution at a 550 nm wavelength.

MMP-2 and MMP-9 activity assays. At each time point, mice were deeply anaesthetised with isoflurane,
and a 5mm length of spinal cord centred at the injury epicentre was immediately dissected for MMP activity
assay. Dissected spinal cords were homogenised in Tris-HCI buffer containing 0.1% Triton-X-100, and assessed
using mouse MMP-2 and MMP-9 activity assays (QuickZyme Biosciences, Leiden, the Netherlands). Samples
and standards were added to a microplate that was pre-coated with MMP-2 or MMP-9 capture antibody. The
detection enzyme and substrate were added to each well. Absorbance at 405 nm was read at 0, 6, and 22h using a
Spark 10 M multimode plate reader (TECAN, Ménnedorf, Switzerland). A standard curve was used to determine
the concentration of MMP-2 or MMP-9 in each sample (ng/mL).

Cytokine and chemokine array. Tissue sections of the spinal cord (5 mm) were harvested in 500 uL of
PBS containing cOmplete® protease inhibitor cocktail, sonicated, and then lysed by the addition of Triton X-100
(final concentration 1%). After the freeze—thaw cycle, samples were centrifuged at 10,000 X g for 5min to remove
cell debris. The relative changes of spinal cord cytokine and chemokine concentrations following SCI were meas-
ured by the Proteome Profiler Mouse Cytokine Array Panel A Kit (R&D Systems, Minneapolis, MN, USA),
according to the manufacturer’s recommendation. To exclude the effect of surgical procedure, we employed a
sham-operated group (laminectomised mice without SCI; n=3) as an internal control. The intensity of each
cytokine and chemokine expression in the injured spinal cord was expressed as a fold change to its expression in
the sham-operated group.

Statistical analysis. Unless otherwise stated, values are expressed as the mean + SD. Assumptions of para-
metric statistical tests, such as normal data distribution (Shapiro-Wilk test) and homoscedasticity (Levene’s test),
were assessed in cases in which Student’s ¢-tests or repeated-measures analysis of variance (ANOVA) were used.
All datasets passed the normality tests except (1) luciferase extravasation (Figs 1e and 3c), and (2) bleeding vol-
ume (Fig. 3d). The nonparametric Mann-Whitney U test was employed to compare these data. Differences were
considered significant at P < 0.05. All data were analysed using statistical software (IBM SPSS Statistics Version
25.0, IBM corp., Armonk, NY, USA).

Received: 24 April 2019; Accepted: 21 October 2019;
Published online: 05 November 2019

References

1. Wyndaele, J. J. The management of neurogenic lower urinary tract dysfunction after spinal cord injury. Nat Rev Urol 13, 705-714,
https://doi.org/10.1038/nrurol.2016.206 (2016).

2. Kramer, J. L. et al. Neuropathic pain following traumatic spinal cord injury: Models, measurement, and mechanisms. ] Neurosci Res,
https://doi.org/10.1002/jnr.23881 (2016).

3. Anwar, M. A,, Al Shehabi, T. S. & Eid, A. H. Inflammogenesis of Secondary Spinal Cord Injury. Front Cell Neurosci 10, 98, https://
doi.org/10.3389/fncel.2016.00098 (2016).

4. Amar, A. P. & Levy, M. L. Pathogenesis and pharmacological strategies for mitigating secondary damage in acute spinal cord injury.
Neurosurgery 44, 1027-1039, https://doi.org/10.1097/00006123-199905000-00052 (1999).

5. Gerzanich, V. et al. De novo expression of Trpm4 initiates secondary hemorrhage in spinal cord injury. Nat Med 15, 185-191,
https://doi.org/10.1038/nm.1899 (2009).

6. Basso, D. M. Neuroanatomical substrates of functional recovery after experimental spinal cord injury: implications of basic science
research for human spinal cord injury. Phys Ther 80, 808-817, https://doi.org/10.1093/ptj/80.8.808 (2000).

7. Draxler, D. F. & Medcalf, R. L. The fibrinolytic system-more than fibrinolysis? Transfus Med Rev 29, 102-109, https://doi.
org/10.1016/j.tmrv.2014.09.006 (2015).

8. Melchor, J. P. & Strickland, S. Tissue plasminogen activator in central nervous system physiology and pathology. Thromb Haemost
93, 655-660, https://doi.org/10.1160/TH04-12-0838 (2005).

9. Bardehle, S., Rafalski, V. A. & Akassoglou, K. Breaking boundaries-coagulation and fibrinolysis at the neurovascular interface. Front
Cell Neurosci 9, 354, https://doi.org/10.3389/fncel.2015.00354 (2015).

10. Davalos, D. et al. Fibrinogen-induced perivascular microglial clustering is required for the development of axonal damage in
neuroinflammation. Nat Commun 3, 1227, https://doi.org/10.1038/ncomms2230 (2012).

11. Abe, Y., Nakamura, H., Yoshino, O., Oya, T. & Kimura, T. Decreased neural damage after spinal cord injury in tPA-deficient mice. /
Neurotrauma 20, 43-57, https://doi.org/10.1089/08977150360517173 (2003).

12. Seeds, N. W,, Akison, L. & Minor, K. Role of plasminogen activator in spinal cord remodeling after spinal cord injury. Respir Physiol
Neurobiol 169, 141-149, https://doi.org/10.1016/j.resp.2009.07.021 (2009).

13. Simard, J. M., Woo, S. K., Aarabi, B. & Gerzanich, V. The Surl-Trpm4 Channel in Spinal Cord Injury. ] Spine Suppl 4, https://doi.
org/10.4172/2165-7939.54-002 (2013).

14. Shen, Y. et al. Plasminogen is a key proinflammatory regulator that accelerates the healing of acute and diabetic wounds. Blood 119,
5879-5887, https://doi.org/10.1182/blood-2012-01-407825 (2012).

15. Noble, L. J., Donovan, E, Igarashi, T., Goussev, S. & Werb, Z. Matrix metalloproteinases limit functional recovery after spinal cord
injury by modulation of early vascular events. ] Neurosci 22, 7526-7535, https://doi.org/10.1523/J]NEUROSCI.22-17-07526.2002
(2002).

16. Niego, B. & Medcalf, R. L. Plasmin-dependent modulation of the blood-brain barrier: a major consideration during tPA-induced
thrombolysis? J Cereb Blood Flow Metab 34, 1283-1296, https://doi.org/10.1038/jcbfm.2014.99 (2014).

17. Tator, C. H. & Koyanagi, I. Vascular mechanisms in the pathophysiology of human spinal cord injury. ] Neurosurg 86, 483-492,
https://doi.org/10.3171/jns.1997.86.3.0483 (1997).

18. Wang, X., Mori, T., Sumii, T. & Lo, E. H. Hemoglobin-induced cytotoxicity in rat cerebral cortical neurons: caspase activation and
oxidative stress. Stroke 33, 1882-1888, https://doi.org/10.1161/01.STR.0000020121.41527.5D (2002).

SCIENTIFIC REPORTS |

(2019) 9:16024 | https://doi.org/10.1038/s41598-019-52621-8


https://doi.org/10.1038/s41598-019-52621-8
https://doi.org/10.1038/nrurol.2016.206
https://doi.org/10.1002/jnr.23881
https://doi.org/10.3389/fncel.2016.00098
https://doi.org/10.3389/fncel.2016.00098
https://doi.org/10.1097/00006123-199905000-00052
https://doi.org/10.1038/nm.1899
https://doi.org/10.1093/ptj/80.8.808
https://doi.org/10.1016/j.tmrv.2014.09.006
https://doi.org/10.1016/j.tmrv.2014.09.006
https://doi.org/10.1160/TH04-12-0838
https://doi.org/10.3389/fncel.2015.00354
https://doi.org/10.1038/ncomms2230
https://doi.org/10.1089/08977150360517173
https://doi.org/10.1016/j.resp.2009.07.021
https://doi.org/10.4172/2165-7939.S4-002
https://doi.org/10.4172/2165-7939.S4-002
https://doi.org/10.1182/blood-2012-01-407825
https://doi.org/10.1523/JNEUROSCI.22-17-07526.2002
https://doi.org/10.1038/jcbfm.2014.99
https://doi.org/10.3171/jns.1997.86.3.0483
https://doi.org/10.1161/01.STR.0000020121.41527.5D

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

Ryu, J. K. et al. Blood coagulation protein fibrinogen promotes autoimmunity and demyelination via chemokine release and antigen
presentation. Nat Commun 6, 8164, https://doi.org/10.1038/ncomms9164 (2015).

Ren, H. et al. Regulation of Inflammatory Cytokines for Spinal Cord Injury Repair Through Local Delivery of Therapeutic Agents.
Adv Sci (Weinh) 5, 1800529, https://doi.org/10.1002/advs.201800529 (2018).

Bethea, J. R. Spinal cord injury-induced inflammation: a dual-edged sword. Prog Brain Res 128, 33-42, https://doi.org/10.1016/
$0079-6123(00)28005-9 (2000).

Lima, R. et al. Systemic Interleukin-4 Administration after Spinal Cord Injury Modulates Inflammation and Promotes
Neuroprotection. Pharmaceuticals (Basel) 10, https://doi.org/10.3390/ph10040083 (2017).

Kawabe, J. et al. Neuroprotective effects of granulocyte colony-stimulating factor and relationship to promotion of angiogenesis after
spinal cord injury in rats: laboratory investigation. ] Neurosurg Spine 15, 414-421, https://doi.org/10.3171/2011.5.SPINE10421
011).

Bukhari, N, Torres, L., Robinson, J. K. & Tsirka, S. E. Axonal regrowth after spinal cord injury via chondroitinase and the tissue
plasminogen activator (tPA)/plasmin system. ] Neurosci 31, 14931-14943, https://doi.org/10.1523/JNEUROSCI.3339-11.2011
(2011).

Seeds, N. et al. Plasminogen activator promotes recovery following spinal cord injury. Cell Mol Neurobiol 31, 961-967, https://doi.
0rg/10.1007/s10571-011-9701-6 (2011).

Collaborators, C.-T. et al. Effects of tranexamic acid on death, vascular occlusive events, and blood transfusion in trauma patients
with significant haemorrhage (CRASH-2): a randomised, placebo-controlled trial. Lancet 376, 23-32, https://doi.org/10.1016/
S0140-6736(10)60835-5 (2010).

Roberts, I. et al. Tranexamic acid for significant traumatic brain injury (The CRASH-3 trial): Statistical analysis plan for an
international, randomised, double-blind, placebo-controlled trial. Wellcome Open Res 3, 86, https://doi.org/10.12688/
wellcomeopenres.14700.2 (2018).

Collaborators, W. T. Effect of early tranexamic acid administration on mortality, hysterectomy, and other morbidities in women with
post-partum haemorrhage (WOMAN): an international, randomised, double-blind, placebo-controlled trial. Lancet 389,
2105-2116, https://doi.org/10.1016/S0140-6736(17)30638-4 (2017).

Ploplis, V. A. et al. Effects of disruption of the plasminogen gene on thrombosis, growth, and health in mice. Circulation 92,
2585-2593, https://doi.org/10.1161/01.CIR.92.9.2585 (1995).

Kimura, A. et al. Protective role of aquaporin-4 water channels after contusion spinal cord injury. Ann Neurol 67, 794-801, https://
doi.org/10.1002/ana.22023 (2010).

Basso, D. M. et al. Basso Mouse Scale for locomotion detects differences in recovery after spinal cord injury in five common mouse
strains. J Neurotrauma 23, 635-659, https://doi.org/10.1089/neu.2006.23.635 (2006).

Moore, E. E. et al. Rationale for the selective administration of tranexamic acid to inhibit fibrinolysis in the severely injured patient.
Transfusion 56(Suppl 2), S110-114, https://doi.org/10.1111/trf.13486 (2016).

Boato, . et al. C3 peptide enhances recovery from spinal cord injury by improved regenerative growth of descending fiber tracts.
Cell Sci 123, 1652-1662, https://doi.org/10.1242/jcs.066050 (2010).

Dooley, D. et al. Cell-Based Delivery of Interleukin-13 Directs Alternative Activation of Macrophages Resulting in Improved
Functional Outcome after Spinal Cord Injury. Stem Cell Reports 7, 1099-1115, https://doi.org/10.1016/j.stemcr.2016.11.005 (2016).
Nishi, R. A. et al. Behavioral, histological, and ex vivo magnetic resonance imaging assessment of graded contusion spinal cord
injury in mice. ] Neurotrauma 24, 674-689, https://doi.org/10.1089/neu.2006.0204 (2007).

Whetstone, W. D., Hsu, J. Y., Eisenberg, M., Werb, Z. & Noble-Haeusslein, L. J. Blood-spinal cord barrier after spinal cord injury:
relation to revascularization and wound healing. ] Neurosci Res 74, 227-239, https://doi.org/10.1002/jnr.10759 (2003).

Han, S. et al. Rescuing vasculature with intravenous angiopoietin-1 and alpha v beta 3 integrin peptide is protective after spinal cord
injury. Brain 133, 1026-1042, https://doi.org/10.1093/brain/awq034 (2010).

Norimatsu, Y. et al. FTY720 improves functional recovery after spinal cord injury by primarily nonimmunomodulatory
mechanisms. Am ] Pathol 180, 1625-1635, https://doi.org/10.1016/j.ajpath.2011.12.012 (2012).

Acknowledgements

This work was supported by JSPS KAKENHI Grant Number JP25462307. ImageQuant LAS4000 digital imaging
system was subsidised by JKA through its promotion funds from KEIRIN RACE. We thank Hiromi Ozaki (Jichi
Medical University) for her technical assistance. We also thank Bronwen Gardner, PhD, from Edanz Group (www.
edanzediting.com) for editing a draft of this manuscript.

Author contributions

Y.S. and A.K. designed the experiment, performed the experiments, analysed data, and wrote and revised the
manuscript; O.M. provided critical reagents and revised the manuscript; Y.S. and K.T. analysed the data and
revised the manuscript; T.O. analysed the data and wrote and revised the manuscript.

Competing interests

T.O. received research grant support from Bayer, Dai-ichi Sankyo, CSL Behring, Novo Nordisk, Otsuka
Pharmaceutical, CHUGAI Pharmaceutical, and Japan Blood Products Organization outside of the study. All
other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52621-8.

Correspondence and requests for materials should be addressed to A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2019) 9:16024 | https://doi.org/10.1038/s41598-019-52621-8


https://doi.org/10.1038/s41598-019-52621-8
https://doi.org/10.1038/ncomms9164
https://doi.org/10.1002/advs.201800529
https://doi.org/10.1016/S0079-6123(00)28005-9
https://doi.org/10.1016/S0079-6123(00)28005-9
https://doi.org/10.3390/ph10040083
https://doi.org/10.3171/2011.5.SPINE10421
https://doi.org/10.1523/JNEUROSCI.3339-11.2011
https://doi.org/10.1007/s10571-011-9701-6
https://doi.org/10.1007/s10571-011-9701-6
https://doi.org/10.1016/S0140-6736(10)60835-5
https://doi.org/10.1016/S0140-6736(10)60835-5
https://doi.org/10.12688/wellcomeopenres.14700.2
https://doi.org/10.12688/wellcomeopenres.14700.2
https://doi.org/10.1016/S0140-6736(17)30638-4
https://doi.org/10.1161/01.CIR.92.9.2585
https://doi.org/10.1002/ana.22023
https://doi.org/10.1002/ana.22023
https://doi.org/10.1089/neu.2006.23.635
https://doi.org/10.1111/trf.13486
https://doi.org/10.1242/jcs.066050
https://doi.org/10.1016/j.stemcr.2016.11.005
https://doi.org/10.1089/neu.2006.0204
https://doi.org/10.1002/jnr.10759
https://doi.org/10.1093/brain/awq034
https://doi.org/10.1016/j.ajpath.2011.12.012
http://www.edanzediting.com
http://www.edanzediting.com
https://doi.org/10.1038/s41598-019-52621-8
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019)9:16024 | https://doi.org/10.1038/s41598-019-52621-8


https://doi.org/10.1038/s41598-019-52621-8
http://creativecommons.org/licenses/by/4.0/

	Short-term inhibition of fibrinolytic system restores locomotor function after spinal cord injury in mice

	Results

	Plasminogen deficiency enhances locomotor recovery in the acute phase of SCI. 
	Decreased blood–spinal cord barrier permeability and tissue bleeding in Plg−/− mice. 
	Acute administration of tranexamic acid (TXA) promotes functional recovery after SCI. 
	TXA reduces blood–spinal cord barrier permeability, tissue bleeding, and production of inflammatory cytokines and chemokine ...
	TXA reduces activation of MMP-2 and MMP-9 in the injured spinal cord. 

	Discussion

	Methods

	Animals. 
	Mouse model of contusion spinal cord injury. 
	Locomotor function. 
	Drug administration. 
	Tissue processing. 
	Measurement of lesion size. 
	Blood–spinal cord barrier permeability. 
	Tissue bleeding. 
	MMP-2 and MMP-9 activity assays. 
	Cytokine and chemokine array. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Plasminogen deficiency enhances locomotor recovery in the acute phase of SCI.
	Figure 2 Short-term administration of tranexamic acid (TXA) promotes functional recovery after SCI.
	Figure 3 Short-term administration of tranexamic acid (TXA) reduces the area of scar tissue in the spinal cord after SCI.
	Figure 4 Changes in cytokine and chemokine profiles in the injured spinal cord with tranexamic acid (TXA) treatment.
	Figure 5 TXA reduces activation of MMP-2 and MMP-9 in the injured spinal cord.




