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Abstract

Background: Thrombolysis is the only approved therapy for acute stroke. However, life-threat-
ening complications such as intracerebral hemorrhage (ICH) can develop after intravenous
administration of tissue plasminogen activator (tPA). Both infection and thrombolysis during
cerebral ischemia disrupt the blood-brain barrier (BBB). tPA can induce matrix metalloprotein-
ase-9 (MMP-9), which is known to be involved in BBB disruption. However, it has still not been
investigated whether preexisting influenza virus infection during thrombolysis after acute
stroke affects systemic levels of MMP-9 and its inhibitor TIMP-1 and whether increased sys-
temic MMP-9 levels affect ICH. This study aimed to investigate the influence of influenza virus
infection on plasma levels of MMP-9 and TIMP-1 after thrombolysis in acute stroke, and to
determine whether the infection correlates with intracerebral bleeding. Methods: C57BL/6
mice were infected by administering 1 x 10° plaque-forming units of human influenza (HIN1)
virus intranasally. After 3 days of infection the middle cerebral artery was occluded for 45 min
and then reperfused. Intravenous tPA (10 mg/kg) treatment was started 10 min after stroke
onset. Twenty-four hours after stroke onset, mice were deeply anesthetized with ketamine,
venous blood was drawn from the caval vein and centrifuged at 2,000 rpm, and the superna-
tant was collected and frozen at -80°C. Plasma levels of MMP-9 and TIMP-1 were quantified
by using ELISA. Results: After stroke, plasma MMP-9 was significantly increased in mice with
a concomitant influenza infection that were treated with tPA (9.99 + 0.62 ng/ml, n = 7) as com-
pared to noninfected control mice that were treated with tPA (4.74 + 0.48 ng/ml, n = 8). More-
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over, plasma levels of TIMP-1, an inhibitor of MMP-9, were also significantly increased in mice
treated with tPA after concomitant infection and stroke (42.17 + 7.02 ng/ml, n = 7) as compared
to noninfected control mice that were treated with tPA after stroke (20.22 + 2.12 ng/ml, n = 8).
MMP-9 values significantly correlated with intracerebral hemoglobin levels in animals treated
with tPA after stroke (p = 0.028, r = 0.76, n = 8) and after concomitant stroke and infection
(p = 0.039,r =0.78, n = 7). Conclusion: Preexisting influenza A virus infection led to increased
plasma MMP-9 and TIMP-1 levels in mice undergoing thrombolysis after induced stroke. MMP-
9 levels closely correlated with intracerebral bleeding after thrombolysis during concomitant
infection and stroke. Thus, our data indicate that thrombolysis may be dangerous during in-
fluenza infection. MMP-9 inhibitors might be considered to reduce the side effects of throm-

bolysis during concomitant infection and stroke. © 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Thrombolysis is the only approved therapy for ischemic stroke within a time window of
4.5h [1]. However, only a minority of patients receive thrombolysis because of the risk of life-
threatening complications, especially intracerebral hemorrhage (ICH). Even after strict
selection of patients for thrombolysis, ICH has been reported in up to 7.7% of patients within
the first 36 h after onset of stroke [2], and despite improvements in thrombolytic therapy, ICH
is still the major cause of death in the acute phase of stroke after intravenous thrombolysis
[3]. Neuroprotective drugs have failed in clinical trials; therefore, improving thrombolytic
therapy has become even more important. Activation of matrix metalloproteinase-9 (MMP-9)
plays a key role in blood-brain barrier (BBB) disruption and the development of ICH after
intravenous thrombolysis. Interestingly, MMP-9 inhibitors alleviate bleeding complications
of thrombolysis in animal models of stroke [4, 5]. ICH after stroke is, however, multifactorial
[6]. We have recently shown that preexisting systemic influenza infection can exacerbate
intracerebral bleeding after thrombolysis [7]. However, it is not known whether a concom-
itant infection affects systemic MMP-9 levels and whether plasma MMP-9 levels correlate
with intracerebral bleeding after intravenous thrombolysis.

Systemic inflammation due to peripheral infection increases systemic concentrations of
proinflammatory cytokines, including CCL5 and IL-1f. Moreover, systemic inflammation can
activate microvascular MMPs and disrupt the BBB, which then promotes infiltration of
neutrophils [7-9]. Neutrophils release MMP-9, which degrades collagen IV in the basement
membrane and increases vascular permeability. We have recently shown that, under these
conditions, thrombolysis induced significantly more intracerebral bleeds [7]. Blood bio-
markers could be important foridentifying patientsatincreased risk of intracerebral bleeding.
Preclinical studies have shown that MMP-9 expression is increased in the brain during throm-
bolysis; however, the significance of plasma MMP-9 levels during thrombolysis and concom-
itant infection has not been investigated.

To analyze the effect of influenza infection on plasma levels of MMP-9 and its inhibitor
TIMP-1 after thrombolysis, we infected mice with influenza A virus and induced stroke by
middle cerebral artery occlusion (MCAO). Plasma levels of MMP-9 and its tissue inhibitor
TIMP-1 were determined. Influenza infection increased plasma MMP-9 levels in mice treated
with tissue plasminogen activator (tPA) after stroke. Mice treated with tPA after concomitant
infection and stroke showed significantly increased bleeding in the brain [7]. Interestingly,
MMP-9 values closely correlated with intracerebral bleeding in animals treated with tPA after
concomitant stroke and infection. Our data provide clinically important information for throm-
bolytic therapy of acute stroke in conditions associated with peripheral inflammation/infection.
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Methods

All animal experiments were approved by the local animal welfare committee. The
animals were randomly assigned to four groups with 10 animals in each group. The investi-
gator was blinded to treatment. Animals with confirmed clinical symptoms of influenza were
included in the study. Dead animals or animals that did not develop clinical symptoms of
influenza were excluded. We had a mortality rate of around 20% and could analyze 7-8
animals per group. The data for infarct volumes and blood volume/hemorrhagic scores for
correlation with MMP-9 levels were taken from a previously reported study [7].

Influenza Virus and Infection

Human influenza virus A/Puerto Rico/8/34 (H1N1; PR8) was propagated as described
previously [10]. Male C57BL/6 mice aged 3-4 months were anesthetized by i.p. injection of
xylazine (50 ul/10 g body weight, 0.1%) and ketamine (50 ul/10 g body weight, 0.5%), unless
indicated otherwise. We administered the H1N1 virus (1 x 10° plaque-forming units) or the
control inoculum (PBS) in a final volume of 50 pl (25 pl in each nasal opening). Successful
infection was confirmed by virus titration of the lungs (n = 5) [7].

MCAO

In all experiments, the animals were randomized and the investigators were blinded to
the treatment. For transient MCAO (tMCAO), male mice were anesthetized at an age of 3-4
months by i.p. injection of xylazine (50 pl/10 g body weight, 0.1%) and ketamine (50 ul/10 g
body weight, 0.5%). A median neck incision was made and the left common carotid artery was
exposed. A silicon rubber-coated 7-0 monofilament 20 mm in length (Doccol Corp., Cat. No.
7019PK5Re) was inserted into the common carotid artery on the left side. The filament was
advanced into the internal carotid artery about 11 mm from the bifurcation until the coated
part of the filament was no longer visible. The filament was reversibly fixed for the duration
of ischemia. After 45 min of occlusion, the filament was removed to reestablish perfusion.
During the time of occlusion, the femoral vein was exposed and cannulated with a 20-cm-long
polyethylene catheter (PE-10). Human tPA (10 mg/kg at a volume of 300 pl; Boehringer
Ingelheim, Germany) was administered starting 30 min after MCAO with a bolus (1 mg/kg).
The remaining dose (9 mg/kg) was infused over 20 min with a pump (PHD2000 Program-
mable; Harvard Apparatus). At 24 h after tMCAO the animals were reanesthetized and
perfused intracardially with 4% PFA.

Hemoglobin Assay

To measure the hemoglobin content in the brain, we performed a spectrophotometric
assay using Drabkin’s solution. Briefly, the animals were perfused transcardially 24 h after
tMCAO with PFA (4%, 20 ml with a perfusion speed of 1.5 ml/min). To prepare standards,
fresh blood was injected into the cortex immediately before perfusion. The brains were
homogenized by sonication in 1 ml PBS per hemisphere. After centrifugation, 120 ul of Drab-
kin’s solution containing Drabkin’s reagent (Sigma, Cat. No. D5941) and Brij 35 solution
(0.015%, Sigma, Cat. No. B 4184) was added to 30 pl of supernatant and the absorption was
measured at 540 mm (Spectra MAX 250, Molecular Devices Corp.) [7].

Measurement of MMP-9 and TIMP-1

To determine MMP-9 and TIMP-1 plasma levels, blood samples were obtained 24 h after
tMCAO. ELISA was performed according to the manufacturer’s instructions (MMP-9, USCN
Life Science Inc., Wuhan, Cat. No. E0553Mu; TIMP-1, RayBiotech, Inc., Cat. No. ELM-TIMP1-
001). To quantify TIMP-1 in the plasma, the samples were diluted 1:50.
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Statistics

One-way ANOVA was used to compare more than two groups, followed by the Newman-
Keuls multiple comparison test. We calculated Pearson’s correlation coefficient. Data are
expressed as means + SEM.

Results

Plasma MMP-9 and Its Tissue Inhibitor TIMP-1 Were Elevated during Thrombolytic

Therapy after Concomitant Infection and Stroke

MMP-9isknownto degrade the extracellular matrixand may contribute to BBB disruption.
Hence, we analyzed plasma concentrations of MMP-9 and its inhibitor TIMP-1. To evaluate
whether influenza virus infection influences plasma MMP-9 levels after thrombolytic
treatment of stroke and concomitant infection, we employed a stroke model (tMCAO) that
had previously been used to investigate the complications of tPA treatment [7, 11]. We admin-
istered tPA 30 min after occlusion. MMP-9 levels were significantly elevated in a group of
animals that were treated with tPA for stroke in the presence of an influenza A infection (9.99
+ 0.62 ng/ml, n = 7) as compared to control mice (4.74 * 0.48 ng/ml, n = 8) without any
infection (fig. 1a). Interestingly, intracerebral blood volume was significantly increased
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Fig. 2. Plasma MMP-9 levels showed correlation with intracranial blood volume in mice treated with i.v.
thrombolysis after stroke without infection (Pearson correlation, n = 8, r = 0.76, p = 0.027) and in the pres-
ence of influenza A virus infection (Pearson correlation, n = 7, r = 0.78, p = 0.039). Plasma MMP-9 levels
showed no statistically significant correlation in noninfected animals (n = 7, r = 0.55, p = 0.19) and infected
animals (n = 8, r = 0.57, p = 0.13) without i.v. thrombolysis. a Stroke. b Stroke plus thrombolysis. ¢ Stroke
plus influenza infection. d Stroke plus thrombolysis plus influenza infection.

during thrombolysis after concomitant infection and stroke (to 5.98 * 1.24 pl in comparison
to 0.63 + 0.93 pl in noninfected mice) as reported previously [7]. Similarly, TIMP-1 plasma
levels were significantly higher in animals that were treated with tPA for stroke in the
presence of an influenza A infection (42.17 + 7.02 ng/ml, n = 7) than in control mice (20.22
2.12ng/ml, n = 8) without any infection (fig. 1b). These data show that MMP-9 and its inhibitor
TIMP-1 were upregulated after concomitant infection, stroke, and thrombolysis.

Plasma MMP-9 Levels Significantly Correlated with Thrombolysis-Mediated ICH during

Concomitant Stroke and Influenza Infection

Thrombolysis is known to increase systemic MMP-9 levels, and MMP-9 is a key mediator
of BBB disruption, which leads to ICH [6, 12, 13]. Our data demonstrate that there was no
significant increase in plasma MMP-9 levels after influenza infection alone (fig. 1a). However,
thrombolysis in the presence of influenza infection dramatically increased systemic MMP-9
levels (fig. 1a) and thrombolysis-mediated ICH [7], showing that a combination of infection
and thrombolysis during acute stoke may be dangerous. Interestingly, MMP-9 plasma concen-
trations significantly correlated with the intracerebral blood volume (fig. 2). Further analysis
showed no correlation between plasma MMP-9 and infarct volume (fig. 3) or between intra-
cerebral blood volume and infarct volume (fig. 4). The hemorrhagic score on brain sections
was quantified [7] in infected and noninfected mice after stroke with and without throm-
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Fig. 3. Plasma MMP-9 levels showed no statistically significant correlation with infarct volume in mice after
stroke in the presence or absence of influenza A virus infection and i.v. thrombolysis (Pearson correlation,
n = 7-8). a Stroke. b Stroke plus thrombolysis. ¢ Stroke plus influenza infection. d Stroke plus thrombolysis
plus influenza infection.

bolysis. It was significantly increased after infection and stroke during thrombolysis [7].
However, hemorrhagic scores on sections did not correlate with plasma MMP-9 (fig. 5). The
reason for this lack of correlation might lie in the limited sensitivity and linearity of scoring
hemorrhages on histological sections. Our data suggest that plasma MMP-9 may be respon-
sible for intracerebral bleeding during thrombolysis in subjects with an influenza infection.

Discussion

In the clinical setting, MMP-9 plasma levels increase gradually after tPA treatment of
acute stroke and reach a peak after 24 h [14]. Our data demonstrate a significant increase in
MMP-9 levels 24 h after cerebral ischemia and tPA treatment in influenza-infected mice as
compared to control mice treated with tPA after acute stroke without any infection (fig. 1a).
MMP-9, a protease that can be induced by thrombin, can be neurotoxic and increase the risk
of ICH. Pretreatment with MMP-9 in an experimental setting has been shown to increase
hemorrhagic transformation after ischemia [15]. Systemic MMP-9 and its tissue inhibitor
TIMP-1 are known to play an important role during BBB disruption. In human patients,
influenza virus infection led to increased systemic MMP-9 levels [16, 17]. A concomitant
influenza virus infection altered systemic cytokines, increased infiltration of MMP-9-positive
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Fig. 4. Intracerebral blood volume showed no statistically significant correlation with infarct volume in mice
after stroke in the presence or absence of influenza A virus infection and i.v. thrombolysis (Pearson correla-
tion, n = 7-8) a Stroke. b Stroke plus thrombolysis. ¢ Stroke plus influenza infection. d Stroke plus throm-
bolysis plus influenza infection.

leukocytes in the brain and aggravated the breakdown of collagen IV in the basement
membrane that ultimately disrupts the BBB in cerebral ischemia [7]. Interestingly, influenza
infection did not change physiological parameters such as arterial blood pressure, blood flow
(as measured by laser Doppler), blood gases, base excess, blood glucose, etc. in this model
setting [7]. The mechanism underlying ICH after cerebral ischemia is, however, a multifac-
torial phenomenon, leading to additional brain injury and ultimately to a poor clinical outcome
[6, 12]. Lipoprotein receptor-mediated induction of MMP-9 by tPA has been shown to be a
key mechanism for increasing BBB permeability and for the increased risk of ICH after throm-
bolysis [18, 19]. Infiltration of MMP-9-positive neutrophils after ischemia and neutrophil
degranulation represents a critical step in exacerbating the vascular injury [12]. We have
demonstrated that systemic inflammation increases neutrophil infiltration and ICH [7]. Inter-
estingly, the presence of influenza virus infection potentiated the systemic levels of MMP-9
and its tissue inhibitor TIMP-1 after thrombolysis (fig. 1a, b). Our results and data from the
literature suggest that it is relevant to identify the factors that can potentiate MMP-9 release
during thrombolysis to predict the post-thrombolytic risk of hemorrhage. Serum uric acid
levels can predict ICH and clinical outcome after thrombolysis [20]. Mechanistically, a
decrease in serum uric acid levels has been shown to increase neutrophil infiltration and
MMP-9 release. A pilot study has shown that additional treatment with uric acid reduced
thrombolysis-mediated ICH [21]. Experimental studies suggest that additional treatment
with MMP inhibitors such as BB-94, GM 6001 and p-aminobenzoyl-gly-pro-D-leu-D-ala
hydroxamate represents an effective option to reduce the side effects of thrombolysis [4,
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Fig. 5. The hemorrhagic score on brain sections showed no statistically significant correlation with plasma
MMP-9 in mice after stroke in the presence or absence of influenza A virus infection and i.v. thrombolysis
(Pearson correlation, n = 7-8). a Stroke. b Stroke plus thrombolysis. ¢ Stroke plus influenza infection.
d Stroke plus thrombolysis plus influenza infection.

22-24]. Interestingly, 173-estradiol and doxycycline improved microvascular stabilization
and decreased thrombolysis-mediated ICH by inhibiting MMPs [25, 26]. The free radical scav-
enger edaravone reduced MMP-9-related ICH after thrombolysis [27]. Our data, in line with
theliterature, show that post-thrombolytic MMP-9 plasmalevels during concomitantinfection
and stroke showed a significant correlation with ICH (fig. 2d). However, we analyzed the total
plasma MMP-9 and not the active MMP-9, which is certainly a limitation of our study. As
thrombolysis is the only approved therapeutic option and under certain conditions (such as
influenza infection) life-threatening side effects can develop, MMP-9 inhibitors might be
considered to increase the safety of thrombolysis in such cases.

Conclusion

Preexisting influenza A virus infection increased plasma MMP-9 levels in mice under-
going thrombolysis after stroke. Increased plasma MMP-9 levels correlated with intrace-
rebral bleeding after thrombolysis during concomitant infection and stroke. Thrombolysis
after stroke in the presence of influenza infection may be dangerous. Combined therapeutic
approaches with MMP-9 inhibitors and tPA could be developed and considered so as to
reduce the side effects of thrombolysis.
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