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Abstract

Background: Administration of anti-fibrinolytic medications, including tranexamic acid (TXA),
may reduce head injury-related mortality. The effect of these medications on post-TBI
inflammatory response is unknown. The goal of this study was to investigate the role of available
anti-fibrinolytic medications on both systemic and cerebral inflammation after TBI.

Methods: An established murine weight drop model was utilized to induce a moderate TBI.
Mice were administered 1, 10, or 100mg/kg TXA, 400mg/kg aminocaproic acid (amicar), 100
KIU/kg aprotonin, or equivalent volume of normal saline (NS) 10 minutes after recovery. Mice
were euthanized at 1, 6, or 24 hours. Serum and cerebral tissue were analyzed for neuron-
specific enolase and inflammatory cytokines. Hippocampal histology was evaluated at 30 days for
phosphorylated tau (p-tau) accumulation.

Results: One hour after TBI, mice given TXA displayed decreased cerebral cytokine
concentrations of TNF-a,, and by 24 hours displayed decreased concentrations of cerebral TNF-a,
IL-6, and MCP-1 compared to TBI+NS. However, serum concentrations of TNF-a and MIP1-a
were significantly elevated from 1 to 24 hours in TBI+TXA groups compared to TBI+NS. The
concentration of p-tau was significantly decreased in a dose dependent manner in TBI+TXA
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groups compared to TBI+NS. By contrast, aminocaproic acid administration increased cerebral
cytokine levels of IL-6 1 hour after TBI, with serum elevations noted in TNF-a, MIP1-a, and
MCP-1 at 24 hours compared to TBI+NS. Aprotonin administration increased serum TNF-a, IL-6,
MIP1-a from 1 to 24 hours without differences in cerebral cytokines compared to TBI+NS.

Conclusions: TXA administration may provide acute neuro-inflammatory protection in a dose-
dependent manner. Amicar administration may be detrimental after TBI with increased cerebral
and systemic inflammatory effects. Aprotonin administration may increase systemic inflammation
without significant contributions to neuroinflammation. While no antifibrinolytic medication
improved systemic inflammation, these data suggest that TXA may provide the most beneficial
inflammatory modulation after TBI.

Level of Evidence: Basic Science paper
Media Summary:

The goal of this study was to investigate the role of current antifibrinolytic medications in both
systemic and neuroinflammation after TBI. We found that TXA administration may provide the
most beneficial cerebral inflammatory modulation after isolated TBI.

Keywords
TXA,; antifibrinolytics; traumatic brain injury; cytokine; inflammation

Background

Traumatic brain injury (TBI) is a widely recognized global health issue with increasing
annual occurrence. Current management strategies to prevent the secondary brain injury that
occurs after initial insult lack standardization. Previous investigations into the coagulopathy
of trauma and more specifically acute hyperfibrinolysis after TBI have introduced an
increasing role for antifibrinolytic medications (1). Recent research on the pathophysiology
of TBI has revealed that the inflammatory response to primary brain injury is widespread
and can disseminate to many areas of the brain that are remote from the initial injury site
(2). The primary brain injury subsequently initiates a secondary cerebral insult through

free radical generation and neuronal excitotoxicity that can persist for months to years

(2, 3). One of the prevailing theories regarding the efficacy of antifibrinolytic medications
in the improvement of mortality after TBI revolves around the attenuation of systemic
inflammation (4). A proposed mechanism of inflammation modulation is through the

direct inhibition or blockade of plasmin formation. Plasmin has been shown to induce

the systemic inflammatory response by stimulating the release of various proinflammatory
cytokine/chemokines such as interleukin-1 (IL-1), interleukin 6 (IL-6), tumor necrosis
factor alpha (TNF-a), and tissue factor (5, 6). Inactivation of these cytokines has been
shown to dampen post-traumatic systemic inflammation. However, the theory of systemic
inflammatory attenuation secondary to antifibrinolytic therapies has yet to be validated.

Investigations into the use of antifibrinolytic therapies, such as tranexamic acid (TXA),
aminocaproic acid (Amicar), and aprotonin (Trasylol), in the acute management of TBI have
noted significant improvements in brain related mortality (4, 7). The Clinical Randomization
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of an Antifibrinolytic in Significant intracranial Hemorrhage 3 (CRASH-3) trial provided
evidence to support the early use (<3hrs) of TXA in TBI patients by demonstrating

improved brain injury related mortality (7). Additional studies addressing the prehospital
dose and timing of TXA administration revealed that there were no significant differences in
28 day mortality between patients who received 1g versus a 2g bolus of TXA within 3 hours
of initial injury (8). Similarly, aminocaproic acid has been shown to be beneficial when
given prior to brain injury in a rodent model, with notable improvements in neurobehavioral

function and overall brain injury by 24 hours (9). Evaluation of the effects of aprotonin after
TBI demonstrated that cerebral protease activity was inhibited after aprotonin administration

and survival was significantly improved in a small human cohort study (10). Although
these studies provide some evidence to support that acute administration of antifibrinolytic
medications is safe and can be effective for TBI patients, the mechanism behind this stated
benefit has yet to be investigated.

Despite the current clinical and pre-clinical literature on the potential inflammatory

impact of antifibrinolytic medications, the available pharmacologic options have not been
directly compared in a standardized model of TBI. A majority of the current literature
regarding antifibrinolytic therapy administration in traumatically injured patients has utilized
TXA. It is important to note that one of the main reasons TXA was chosen over

other antifibrinolytic therapies in major studies such as the Clinical Randomization of

an Antifibrinolytic in Significant Hemorrhage 2 (CRASH-2) trial was because of the
elevated cost of and the possible allergic reaction found with aprotonin administration (11).
Therefore, we investigated all three commercially available antifibrinolytic therapies in an
established murine model of TBI. The goal of this study was to investigate the role of
current antifibrinolytic medications in both systemic and neuroinflammation after TBI. We
hypothesized that administration of antifibrinolytic medications, particularly TXA, would
show an improvement in both systemic and neuroinflammation after TBI.

Animal and TBI Injury Model

The University of Cincinnati Institutional Animal Care and Use Committee approved all
animal experimentation. Animals were 9-10 week old male C57BL6/J mice with a mean
weight of 25.6 + 2.1g acquired from Jackson Laboratory (Bar Harbor, Maine). Only male
mice were utilized for this study to establish consistency and to control for the potential
neuroprotective effects of both estrogen and progesterone (12). Mice were acclimated for

1 week prior to experimentation in a sterile controlled housing environment with unlimited
access to food and water. This study conforms with the ARRIVE guidelines and a complete
checklist has been uploaded as Supplemental Digital Content (SDC-1). Mice that did not
acutely recover neurologically from the TBI (n=8) and mice that did not survive to their
allocated timepoint of euthanasia (n=4) were excluded from serum and tissue analyses.

Mice underwent a controlled weight drop injury, as previously described, to induce a TBI

of moderate severity, as defined by righting reflex response times (13-16). In brief, mice
were anesthetized with 2% inhaled isoflurane in 100% oxygen at 1 L/min for approximately
2 minutes. After determining that an appropriate level of anesthesia was obtained, mice
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were placed in a prone position onto the TBI platform. The head was centered under

a 400g cylindrical rod that was dropped from 2.5 cm above the surface of the table to
induce a global concussive blunt TBI (13-15). All mice were observed until appropriate
respiratory and neurologic recovery had been achieved. Sham TBI mice were anesthetized
and positioned similarly on the TBI platform but were not subjected to the TBI.

Pharmacologic Intervention

Mice were randomized into 12 groups; 6 with TBI (n=5 per group), 6 with sham TBI

(n=5 per group) and were given 1 of 6 drug treatments (tranexamic acid [Lmg/kg,

10mg/kg, 100mg/kg] (Athenex, Schaumburg, IL), aminocaproic acid [400mg/kg](Hospira,
Lake Forest, IL), aprotonin [100 KIU/Kkg]) (Sigma Aldrich, St Louis, MO), or normal saline
via intraperitoneal injection 10 minutes after recovery from TBI. The dose of TXA used
was based upon our previous experimentation in a murine TBI model that had established a
dose response curve administering 1,10, and 100mg/kg TXA (17-19). Similarly, the selected
doses of amicar and aprotonin were based upon previous studies in murine models (19,

20). Strategies were employed to minimize confounding data, including assimilation of

all animals in each of the study cohorts in the same cage prior to injury induction and

drug treatment. No immediate adverse events, including seizure activity, were noted after
administration of any pharmaceutical agent.

Cytokine Evaluation

Mice were sacrificed at 1, 6, or 24 hours (n=5 per group at each time point) for serum and
brain tissue cytokine analysis. Mice were anesthetized with 100mg ketamine/16mg xylazine
via intraperitoneal injection and then whole blood was collected via intra-cardiac puncture.
Whole blood was placed into serum separator tubes (BD Bioscience, San Diego, California)
and centrifuged at 1000g for 10 minutes and serum was collected. Brain tissue collection
occurred subsequent to blood collection based upon a previously described protocol(21).

In brief, cerebral tissue was removed via craniotomy, separated from the cerebellum and
immediately frozen using liquid nitrogen. The thawed brain tissue was homogenized with
PBS buffer, 10mM EDTA, 2mM PMSF, 0.1mg/mL soybean trypsin inhibitor, 1.0mg/mL
BSA, 0.02% sodium azide, 10uL PIC (1mg/mL leupeptin, 1mg/mL aprotonin, 1mg/mL
pepstatin). After 2 rounds of centrifugation at 10,0009 for 20 minutes, supernatant protein
content was normalized using a BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).

Serum and cerebral tissue samples were analyzed by Multiplex enzyme linked
immunosorbent assay (ELISA), including interleukin 1 alpha (IL-1a), interleukin 1 beta
(IL-1b), interleukin 2 (IL-2), interleukin 3 (IL-3), interleukin 4 (IL-4), interleukin 6

(IL-6), interleukin 10 (IL-10), interleukin 12 (IL-12), interleukin 17 (IL-17), monocyte
chemoattractant protein 1 (MCP-1), tumor necrosis factor alpha (TNF-a), granulocyte-
macrophage colony stimulated factor (GM-CSF), macrophage inflammatory protein 1 alpha
(MIP-1a), and Regulated upon Activation, Normal T Cell Expressed and Presumably
Secreted (RANTES) (Quansys Biosciences, Logan, UT). These cytokine and chemokines
were selected as a comprehensive post-injury inflammatory profile to demonstrate the
systemic and cerebral inflammatory responses after TBI(16, 17). Serum neuron specific

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallen et al.

Page 5

enolase (NSE) was additionally analyzed by ELISA as a systemic biomarker of acute
cerebral injury (Abcam, Cambridge, MA).

Histologic Evaluation of hippocampal phosphorylated tau (p-tau) protein accumulation

Following cytokine analysis demonstrating potential TXA benefits, an additional cohort

of mice was survived to 30 days after TBI and treatment with either 1,10, or 100mg/kg
TXA. Mice were anesthetized with 100mg ketamine/16mg xylazine via intraperitoneal
injection and perfused with 10% formalin via intracardiac puncture. Brains were all
removed and fixed in 10% formalin for 48 hours, dehydrated and embedded in paraffin for
immunohistochemistry. Coronal sections were taken at 5um slices. Immunohistochemistry
staining for phosphorylated tau protein (p-tau) was performed according to a previously
described method (22). Slides were stained with rabbit polyclonal anti-tau (phosphor S262)
antibody (ab131354; Abcam, Cambridge, UK). Images were captured on Nikon AIR GaAsP
inverted microscope (Nikon Corporation, Tokyo, Japan) and quantified using cell counter
features on Image J software. Researchers were blinded to the treatment groups during
histologic imaging and cellular counting.

Statistical Analysis

Results

For sample size calculation, the primary outcome measure utilized was cerebral IL-6
based on the study interest in the neuroinflammatory response. Using preliminary data
demonstrating that cerebral IL-6 levels were 40% lower in sham compared to TBI mice
with a 20% variance, a minimum sample size of 4 animals per group was established.

All statistical analyses were performed with Prism 6 (GraphPad Software, La Jolla,
California). T-tests were used to compare cytokine concentrations in response to each drug
administration after TBI. A p value of less than 0.05 was considered significant.

Serum Cytokine Analysis

Serum concentrations of TNF-a were significantly elevated in TBI+TXA 100mg/kg and
TBIl+aprotonin at 1 and 24 hours after TBI compared to TBI+NS (Figure 1). TNF-a was
also noted to be elevated 1 hour after TBI in TBI+TXA 10mg/kg compared to TBI+NS
(Figure 1). Similarly, serum concentrations of TNF-a were significantly elevated 24 hours
after TBI in TBI+amicar mice compared to TBI+NS group (Figure 1). There were no
significant differences in serum TNF-a 1-24 hours after TBI between TBI+NS and sham
TBI+NS (Figure 1). Similarly, there were no significant differences in serum IL-6 between
TBI+NS and sham TBI+NS cohorts (Figure 2). By contrast, serum concentrations of IL-6
were significantly elevated in TBI+TXA 10mg/kg 1 and 6 hours after TBI compared

to TBI+NS group (Figure 2). IL-6 levels were also noted to be elevated in TBI+TXA
100mg/kg but only at 1 hour after TBI compared to TBI+NS (Figure 2). Mice receiving
TBIl+aprotonin also displayed significant elevations in serum IL-6 at 6 and 24 hours

after TBI compared to TBI+NS group (Figure 2). Serum concentrations of MIP-1a were
significantly elevated in TBI+NS at 1 and 24 hours after TBI compared to sham TBI+NS
cohort (Figure 3). At 1,6, and 24 hours after TBI, serum concentrations of MIP-1a were
significantly elevated in TBI+TXA 10mg/kg, TBI+TXA 100mg/kg, and TBI+aprotonin
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mice compared to TBI+NS (Figure 3). MIP-1a levels were also noted to be elevated in
TBIl+amicar cohort at 6 and 24 hours after TBI compared to TBI+NS group (Figure 3).

MCP-1 serum concentrations were significantly elevated in TBI+TXA 100mg/kg,
TBIl+amicar, and TBIl+aprotonin 24 hours after TBI compared to TBI+NS (SDC-2).
Interestingly, serum MCP-1 levels decreased in TBI+TXA 1mg/kg 6 hours after TBI
compared to TBI+NS. By contrast, significant elevations of MCP-1 were noted in the
TBI+TXA 10mg/kg group compared to TBI+NS at 6 hours (SDC-2). Serum concentrations
of IL-1b were significantly elevated in TBl+aprotonin 6 hours after TBI and TBI+TXA
100mg/kg 24 hours after TBI compared to TBI+NS (SDC-3). IL-12 levels were significantly
elevated in TBI+TXA 10mg/kg 1 hour after TBI compared to TBI+NS (SDC-4). In addition,
IL-12 levels were elevated in TBl+amicar 6 hours after TBI compared to TBI+NS (SDC-4).

There were no significant or consistent differences in the serum concentrations of IL-1a,
IL-1b, IL-2, IL-3, IL-4, IL-6, IL-10, IL-12, IL-17, MCP-1, TNF-a, MIP-1a, GM-CSF,
and RANTES between the sham TBI treatment groups at 1, 6, or 24 hours compared to
sham+NS (data not shown).

Similarly, there were no significant or consistent differences in serum cytokine
concentrations of IL-1a, IL-2, IL-3, IL-4, IL-10, IL-17, GM-CSF, and RANTES between
TBI mice treated with any of the antifibrinolytic therapies compared to TBI+NS group at
1,6, and 24 hours (data not shown).

Brain Cytokine Analysis

One and 6 hours after TBI cerebral TNF-a levels were significantly elevated in TBI+
NS group compared to sham TBI +NS mice (Figure 4). Cerebral TNF-a levels were
significantly reduced 1 hour after TBI within TBI+TXA 100mg/kg, TBI+TXA 10mg/kg,
and TBI+aprotonin cohorts as compared to TBI+NS (Figure 4). Similarly, TNF-a levels
were further reduced 24 hours after TBI in TBI+TXA 100mg/kg cohort compared to
TBI+NS (Figure 4).

Of note, cerebral IL-6 concentrations were significantly reduced in TBI+TXA 100mg/kg
cohort at 1 and 24 hours after TBI compared to TBI+NS (Figure 5). Furthermore, cerebral
IL-6 concentrations were significantly reduced in TBI+TXA 1 and 10mg/kg 24 hours
after TBI compared to TBI+NS (Figure 5). Additionally, cerebral IL-6 was significantly
elevated 1 hour after TBI in TBI+NS mice compared to sham TBI+NS mice (Figure 5).
TBIl+amicar mice conversely displayed significant elevations in cerebral IL-6 levels 1 hour
after TBI with a similar trend noted at 24 hours compared to TBI+NS (Figure 5). Cerebral
MCP-1 levels were significantly reduced in TBI+TXA 10mg/kg 1 and 24 hours after TBI
compared to TBI+NS (Supplemental Digital Content 4). Similar reductions were noted in
cerebral MCP-1 levels in TBI+TXA 100mg/kg and TBI+aprotonin 1 hour after TBI and
TBI+TXA1mg/kg 24 hour after TBI compared to TBI+NS (SDC-5).

Cerebral cytokine concentrations of IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-6, IL-10, IL-12,
IL-17, MCP-1, MIP-1a, GM-CSF, and RANTES did not display significant or consistent
differences between sham TBI mice treated with antifibrinolytic therapy compared to sham
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TBI+NS (data not shown). There was a significant increase noted in the concentration of
cerebral TNF-a in sham TBI+TXA 100 mg/kg at 1 and 6 hours compared to sham TBI+NS.
Similarly, there was an increase in TNF-a within sham TBI+amicar 1 hour after sham injury
compared to sham TBI+NS (data not shown).

Cerebral cytokine concentrations of IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-10, 1L-12, IL-17,
MIP-1 a, GM-CSF, and RANTES did not display any consistent elevations in TBI+TXA
treated cohorts or TBI+aprotonin mouse cohort compared to TBI+NS (data not shown).
Conversely, TBl+amicar mice demonstrated significant elevations in cerebral concentrations
of IL-1 a, IL-1b, IL-2, IL-3, IL-4, IL-12, IL-17, MCP-1, and MIP-1 a at 1 and 24 hours
after TBI compared to TBI+NS (data not shown).

Serum Biomarker of Injury Severity

Serum NSE levels were significantly elevated in TBI+NS group compared to sham TBI+NS
group 1 hour after TBI, with differences resolving by 6 hours (Figure 6A-B). NSE levels
were noted to display a significant decrease in TBI+TXA 10mg/kg and 100mg/kg compared
to TBI+NS 1 hour after TBI which did not persist to 24 hours (Figure 6A-C). Serum

NSE levels increased 6 hours after TBI in TBI+TXA 10mg/kg compared to TBI+NS
(Figure 6B). Mice within the TBI+TXA 1mg/kg cohort did not display differences in

serum NSE from 1-24 hours compared to TBI+NS (Figure 6A—C). Serum NSE levels were
significantly elevated in TBI+aprotonin mice both at 6 and 24 hours after TBI compared to
TBI+NS group (Figure 6B—C). TBI+amicar groups did not display significant or consistent
differences in serum NSE from 1 to 24 hours after TBI compared to TBI+NS mice (Figure
6A-C).

Histologic Evaluation of hippocampal p-tau at 30 days

P-tau accumulation was noted to be significantly elevated in TBI+NS group (42.8 + 17.9)
compared to sham TBI+NS group (31.5 + 14.5, p<0.05; Figure 6D). TXA demonstrated

a dose dependent decrease in hippocampal p-tau accumulation, with TBI+TXA 10mg/kg
(25.0£ 11.5) and TBI+TXA 100mg/kg (8.04+ 8.6) cohorts noted to have significantly less
accumulation of hippocampal p-tau compared to TBI+NS group after 30 days (Figure 6D).

Discussion

In this study we investigated the systemic and cerebral inflammatory effects of
antifibrinolytic therapies, including TXA, amicar, and aprotonin, after TBI in a murine
model. We identified that TXA administration at both 10 and 100mg/kg was neuroprotective
with significant reductions noted in both cerebral cytokines and 30-day hippocampal

p-tau accumulation, however, induced an elevated systemic inflammatory response after
TBI. Amicar administration may be detrimental for isolated TBI patients with noted
elevations in cerebral cytokines and inconsistent effects on systemic inflammatory
biomarkers. Aprotonin administration displayed elevated systemic inflammatory markers
with inconsistent neuroinflammatory changes after TBI. Although TXA administration may
cause an augmented acute systemic inflammatory response, there is evidence to support
neuroprotection with higher doses.
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The use of antifibrinolytic therapy in traumatically injured patients has been proven
effective in preventing death secondary to hemorrhage and may improve brain-related
mortality in mild or moderate TBI patients, however, the mechanism of this stated benefit
and the systemic effects these medications may have has yet to be investigated. The
current prevailing theory regarding the mechanism of improved mortality secondary to
antifibrinolytic therapy administration is via immunomodulation and the inhibition of
plasmin (4, 23, 24). Interestingly, we found that TXA administration did not attenuate

the systemic inflammatory response, rather TXA appeared to increase the acute release

of systemic inflammatory mediators. Wang et al. showed that repeated doses of TXA
prior to total knee arthroplasty decreased serum levels of erythrocyte sedimentation rate
(ESR) and IL-6 compared to placebo from 10 to 24 hours post-operatively(25). Although
this study provides evidence to support a possible immunomodulatory effect of TXA, the
patients received multiple oral doses of TXA along with a single intra-articular injection
of TXA which may have attenuated the systemic response at a higher cumulative dose
received (25). Further, Draxler et al. found that in patients undergoing cardiac surgery,
pre-operative administration of TXA led to decreased levels of serum IL-1b post-operative
day 1, without significant alteration in other systemic cytokines such as TNF-a, IL-6,
MCP-1, and interferon gamma (IFN-)(26). This study was performed on a small sample
of 41 patients and was performed in a surgical setting where other immunomodulating
medications could have been given both pre- and post-operatively that could have led to
the investigators detecting changes in systemic inflammatory biomarkers not isolated to
administration of antifibrinolytic medications alone(26). By contrast, Grant et al. found that
administration of a single intravenous dose of TXA and single intra-articular dose of TXA
immediately following knee arthroplasty increased plasma levels on post-operative day 2
of MCP-1, TNF-4, and IL-6, with IL-6 levels being 1.8 times higher than those who did
not receive TXA, further corroborating our results (27). Although the proposed mechanism
of TXA after TBI and traumatic injury was through systemic immunomodulation, our
data would suggest that the systemic inflammatory response may actually be augmented
rather than attenuated. Therefore, more injury, organism, and cell specific investigations
are warranted to understand the mechanisms of action for the role of TXA in post-injury
inflammation.

Currently there are limited strategies to employ in the prevention of secondary brain

injury after the initial TBI. Previous studies into the mechanism of secondary brain

injury have shown that moderate acute post-traumatic inflammation may be beneficial

due to the promotion of debris clearance and cell regeneration (28, 29). However, when
inflammation persists, neuronal cell death and progressive neurodegeneration may occur
(28). Some of the cerebral inflammatory mediators shown to be important in modulating
neuroinflammation after TBI include TNF-a, INF-, IL-15, IL-6, IL-10 (28). Our study
provides evidence that TXA administration may blunt the post-TBI cerebral cytokine release
of IL-6, TNF-aand MCP-1 with a notable reduction in 30-day p-tau accumulation which is
a known marker of chronic traumatic encephalopathy (CTE) (30). Hiramoto et al. provided
evidence that TXA and aprotonin administration ameliorated the aging induced decline

in memory and learning ability with notable reductions in cerebral IL-15and TNF-ain
TXA administered mice (31). Although this study was not performed on TBI subjects
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it did demonstrate that administration of antifibrinolytic medications may alter cerebral
cytokine profiles. Yoshizaki et al. found that administration of TXA after acute spinal

cord injury decreased expression of TNF-aand toll like receptor 4 (TLR-4) within spinal
cord sections while also significantly reducing the number of apoptotic cells in spinal

cord injured subjects suggesting that antifibrinolytic medications may also be protective

in the central nervous system (32). Conversely, our group previously found that there

were no significant neuroinflammatory changes with TXA administration by 24 hours
after TBI. This study, although similar, administered only 10mg/kg TXA which may have
limited the ability to induce neuroinflammatory changes. An important difference between
the current study and the previous study is that the previous study utilized a combined
model of hemorrhagic shock with TBI, which also may have affected the systemic and
cerebral inflammatory responses. In the future, we plan to utilize a polytrauma model
combining TBI and hemorrhagic shock to investigate if the additional endothelial damage
associated with hemorrhagic shock affects the systemic and cerebral inflammatory responses
to antifibrinolytic therapy.

The antifibrinolytic medications utilized in this study have varying mechanisms of action
leading to their opposing effects on both systemic and cerebral inflammation. The two major
subtypes of antifibrinolytic agents are the synthetic lysine analogs (TXA and aminocaproic
acid) and a protease inhibitor (aprotonin) (33). Tranexamic acid is a potent lysine analog
that binds to the lysine binding site of plasminogen thereby inhibiting its ability to bind
fibrin and preventing fibrinolysis (33). Molecular examination of TXA has displayed that
TXA is 7-10 times more potent than aminocaproic acid and is able to provide more
sustained systemic antifibrinolytic activity (34). Further, studies have revealed that TXA
and amicar may act on glycine receptors within the central and peripheral nervous system
however the pharmacokinetics of these drugs within the brain and the influence they have
on cerebral function warrant further investigation in the setting of both the intact and
traumatically disrupted blood brain barrier (BBB) (35). By contrast, aprotonin is a diverse
protease inhibitor that is extracted from bovine lung. Aprotonin has been shown to reversibly
interact with various proteins throughout the body leading to profound antifibrinolytic
effects most notably through inhibition of the factor Xlla mediated kallikrein activation and
inhibition of plasmin generation via direct inhibition (33, 36). Although these medications
have been extensively examined for their effects on coagulation there is very limited

data regarding the effects on systemic inflammation. Previous work on the integrity and
composition of the BBB identified that plasmin may disrupt the BBB though enhancement
of matrix metalloproteinase activity and other cellular factors leading to brain edema and
worsening hemorrhage in the setting of traumatic injury (37, 38). Medications such as
TXA, aminocaproic acid, and aprotonin may help aid in BBB integrity though inhibition of
plasmin, however, the mechanism and effects of cerebral inflammation after injury remains
unclear. Further investigation into the mechanism of current antifibrinolytic agents within
the trauma population is needed to better understand the systemic effects these medications
have on patient physiology and overall recovery after injury.

Our study does have several limitations. First, we evaluated systemic and neuroinflammatory
markers up to 24 hours after TBI leaving the possibility for further changes that could
occur later after the induced injury. Second, the mice were injected with a single dose
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of antifibrinolytic medication. Clinically, patients may receive repeated doses of such
medications after traumatic injury, so we may have not observed changes that could occur
with a multi-dose regimen. Third, we performed a cytokine analysis after an isolated TBI
model as an initial study of the inflammatory response without addressing polytraumatic
injury. In the future we plan to investigate systemic inflammation in a polytrauma

model as we recognize that a majority of traumatically injured patients sustain multiple
injuries. Fourth, for the evaluation of cerebral changes consistent with chronic traumatic
encephalopathy at 30 days we investigated the accumulation of hippocampal p-tau, as has
been shown previously to be elevated after isolated TBI (22). However, we have not yet
evaluated cortical thinning or the microglial and astrocyte response as additional markers

of the cerebral response to injury. Lastly, we created a dose response curve of 1,10, and
100mg/kg for TXA administration but only administered a single concentration of both
amicar and aprotonin. Although the concentrations used in this study were based on previous
literature, multiple doses of each medication could help further investigation into the optimal
dose of antifibrinolytic medications after TBI (19, 20).

In conclusion, in this study we identified that TXA administration may provide acute neuro-
inflammatory protection in a dose dependent manner. These data also provide evidence to
support that amicar administration may be detrimental after isolated TBI with increased
systemic and neuroinflammatory effects. Aprotonin administration may be beneficial after
isolated TBI, however further investigation is needed. Taken together, of the current
antifibrinolytic medications, we found that TXA administration may provide the most
beneficial cerebral inflammatory modulation after isolated TBI.
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Figure 1: Serum TNF-a levels are significantly elevated 1 and 24 hours after TXA and aprotonin

administration after isolated TBI.

Solid line indicates significant difference between groups, p<0.05
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Figure 2: TXA administration after TBI causes an acute elevation of serum IL-6, whereas
aprotonin causes a delayed elevation of serum IL-6.

Solid line indicates significant difference between groups, p<0.05
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Figure 3: Serum concentrations of M1 P1-a are significantly elevated from 1 to 24 hours after
administration of TXA and from 6 to 24 hours after administration of aminocaproic acid and
aprotonin after TBI.

Solid line indicates significant difference between groups, p<0.05
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Figure 4: Thelevelsof cerebral TNF-a after isolated TBI were significantly decreased acutely
after TXA and aprotonin administration.

Solid line indicates significant difference between groups, p<0.05
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Figure5: Cerebral I1L-6 concentrations were significantly decreased after TXA administration 1
and 24 hours after TBI whereas aminocaproic acid administration increased cerebral I1L-6 levels
acutely after TBI.

Solid line indicates significant difference between groups, p<0.05
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Figure 6A-E: Serum NSE concentrations decreased acutely after TXA administration 1 hour
after TBI with notable elevationsin NSE after aprotonin administration 6 and 24 hour s after
TBI. Hippocampal p-tau levels were significantly decreased after TXA administration 30 days
after isolated TBI. Representative immunohistochemistry images of phosphorylated tau protein.

Solid line indicates significant difference between groups, p<0.05.
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