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Abstract

Introduction—The pathophysiology behind the subacute but persistent hypercoagulable state 

following traumatic brain injury (TBI) is poorly understood but contributes to morbidity induced 

by venous thromboembolism (VTE). Because platelets and their microvesicles have been 

hypothesized to play a role in posttraumatic hypercoagulability, administration of commonly 

utilized agents may ameliorate this coagulability. We hypothesized that utilization of aspirin, 

ketorolac, amitriptyline, unfractionated heparin, or enoxaparin would modulate the platelet 

aggregation response following TBI.

Methods—Concussive TBI was induced by weight drop. Mice were then randomized to receive 

aspirin, ketorolac, amitriptyline, heparin, enoxaparin, or saline control at 2 and 8 hours post-TBI. 

Mice were sacrificed at 6 or 24 hours after injury to determine coagulability by 

thromboelastometry (ROTEM), platelet function testing with impedance aggregometry, and 

microvesicle enumeration. Platelet sphingolipid metabolites were analyzed by mass spectrometry.

Results—ROTEM demonstrated increased platelet contribution to maximum clot firmness 

(%MCF-Platelet) at 6 hours following TBI in mice that received aspirin or amitriptyline, but this 

did not persist at 24 hours. By contrast, ADP- and arachidonic acid-induced platelet aggregation at 

6 hours was significantly lower in mice receiving ketorolac, aspirin, and amitriptyline compared to 
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mice receiving saline at 6 hours post-injury and only arachidonic acid initiated platelet aggregation 

was decreased by aspirin at 24 hours. There were no differences in microvesicle production at 

either timepoint. Platelet sphingosine-1-phosphate (S1P) levels were decreased at 6 hours in the 

group receiving amitriptyline and increased at 24 hours along with platelet ceramide levels at 24 

hours in the amitriptyline group.

Conclusion—Following TBI, amitriptyline decreased platelet aggregability and increased 

contribution to clot in a manner similar to aspirin. The amitriptyline effects on platelet function 

and sphingolipid metabolites may represent a possible role of acid sphingomyelinase in the 

hypercoagulability observed following injury. Additionally, inhibition of platelet reactivity may be 

an underappreciated benefit of low molecular weight heparins, such as enoxaparin.

Keywords

trauma; traumatic brain injury; venous thromboembolism; chemoprophylaxis; sphingolipids

Introduction

Traumatic or unintentional injury is a common cause of morbidity and mortality in the 

United States. The leading causes of death in trauma patients, who survive the first day of 

hospitalization, include central nervous system injury, multi-system organ failure and venous 

thromboembolism (VTE)(1). In 2010, traumatic brain injury (TBI) was associated with 17 

deaths per 100,000 people in the United States (2). VTE has been shown to occur in up to 

50% of trauma patients (3–5). Isolated TBI is associated with up to a 3.5 fold increase in risk 

of venous thromboembolism and this hypercoagulable state can persist for days after injury 

(6, 7).

VTE prophylaxis with unfractionated heparin (UFH) and enoxaparin has been shown to be 

safe and effective in patients with TBI (8–10). Further studies have demonstrated enoxaparin 

as superior to UFH in prevention of deep venous thrombosis (DVT) in this population, but 

the time to initiate chemoprophylaxis after TBI remains controversial (11). However, 

enoxaparin is similar in rates of pulmonary embolism (PE) and mortality(3, 12). There is a 

paucity of data evaluating other chemoprophylaxis agents in the prevention of VTE, as other 

agents such as those modulating sphingolipid metabolism have been shown to play a role in 

platelet aggregability (13).

The aim of this study was to evaluate the effect of commonly utilized agents for 

inflammation, VTE chemoprophylaxis, and sphingolipid modulation on this subacute and 

persistent hypercoagulable state. With sphingolipid metabolism potentially playing a role in 

platelet function, this study was also designed to investigate the effects of these drugs on 

intraplatelet ceramide and other sphingolipid metabolites. We hypothesized that utilization 

of aspirin, ketorolac, amitriptyline, unfractionated heparin, and enoxaparin would modulate 

the platelet aggregation and whole blood coagulation response following traumatic brain 

injury.
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METHODS

Animal Model

All murine experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Cincinnati. Male, 8–10 week old C57BL6/J mice were 

obtained from Jackson Laboratory (Bar Harbor, Maine). They were allowed food and water 

ad lib and acclimated in a controlled housing environment for at least one week prior to 

experimentation.

Traumatic Brain Injury Model

A previously described closed weight drop model was used to induce a global, concussive 

TBI of moderate severity (14–16). Briefly, mice were anesthetized with 2% inhaled 

isoflurane in 100% oxygen at 1 L/min for 2 minutes, then placed prone on the model 

platform with the head centered beneath the weight. A 400-gram weight was dropped from 

2.5 cm above the surface of the table to induce head injury. The mice were observed to 

confirm appropriate recovery following injury.

Drug Treatment Groups

Following injury, mice were randomized into drug treatment groups to receive aspirin (100 

mg/kg)(17), ketorolac (5 mg/kg) (18), amitriptyline (10 mg/kg) (19), heparin (75 IU/kg) 

(20), enoxaparin (3 mg/kg) (21), or saline control (100μL) by intraperitoneal injection at 2 

and 8 hours post-TBI. Mice were then sacrificed at 6 or 24 hours after injury and blood was 

drawn via cardiac puncture.

Following initial studies that demonstrated unanticipated platelet response to treatment, 

increasing doses of enoxaparin (1, 3, and 8 mg/kg) and amitriptyline (0.1, 1, and 1 mg/kg) 

were administered to evaluate dose response. These drugs were also given in twice daily 

dosing for a total of three doses to evaluate their effect at steady state.

Rotational Thromboelastometry: EXTEM, FIBTEM

The ROTEM delta whole blood analyzer (Instrumentation Laboratory, Munich, Germany) 

was utilized to perform viscoelastic testing per manufacturer’s instructions. Three hundred 

microliters of whole blood were aliquoted and the test was initiated with 20 μL of each 

respective test reagent. EXTEM and FIBTEM testing were initiated with 20 μL of 

thromboplastin. FIBTEM testing was performed with the addition of cytochalasin D for 

platelet inhibition. The temperature was maintained at 37°C. Samples were allowed to run 

until 60 minutes after maximal clot firmness (MCF) was reached. This allowed for 

assessment of clotting time (CT), clot formation time (CFT), alpha angle and clot lysis 

(LI30). The platelet contribution to clot strength (%MCFPlatelet = [MCFEXTEM - 

MCFFIBTEM]/MCFEXTEM) was calculated as previously described by Midura et al. (22).

Platelet Aggregation

A multiplate impedance aggregometer (Roche Diagnostics, Risch-Rotkreuz, Switzerland) 

was utilized to measure platelet aggregation. Adenosine diphosphate (ADP) and arachidonic 

acid (ASPi) were used as agonists. The tests were initiated by incubating 300 μL of whole 
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blood with 300 μL of 0.9% sodium chloride for 3 minutes. After incubation, 20 μL of 6.5 

μmol/L ADP or 0.5 mmol/L ASPi were added. Total platelet aggregation (AU), platelet 

aggregation velocity and area under the curve (AUC) were measured.

Microvesicle Isolation and Quantification

Microvesicles were isolated and quantified as previously described (22, 23). Briefly, whole 

blood collected via cardiac puncture was anticoagulated with heparin and then centrifuged at 

450g for 10 min. The supernatant was collected and centrifuged at 10,000g for an additional 

10 minutes. This platelet-free supernatant was then diluted with Roswell Park Memorial 

Institute media and stained with 10 μL per sample CD41 antibody (BD Diagnostic Systems, 

Sparks, MD). Nanoparticle Tracking Analysis (NanoSight; Malvern Instruments Ltd, 

Worcestershire, United Kingdom) was then used to quantify total and CD41+ MP 

concentrations.

Acid Sphingomyelinase (Asm) Activity

Platelets were isolated by adding whole blood to 10% citrate and spinning at 260g for 5 

minutes. The platelet rich plasma was collected and subsequently spun again at 640g for 5 

minutes to create the platelet pellet which was then stored at −80°C. Platelet pellets were 

then lysed in 250 mM sodium acetate (pH 5.0) and 1% NP40 for 5 min. Platelets were then 

homogenized by two rounds of sonication for 10 sec each with a tip sonicator. Aliquots of 

the lysates were diluted to 250 mM sodium acetate (pH 5.0) and 0.1% and incubated with 50 

nCi per sample [14C]sphingomyelin for 60 min at 37°C. The reaction was stopped by the 

addition of 800 μL chloroform/methanol (2:1, v/v), phases were separated and radioactivity 

was determined by using liquid scintillation in an aliquot of the aqueous phase to determine 

the release of [14C]phosphorylcholine from [14C]sphingomyelin as a measure of Asm 

activity.

Sphingolipid quantification

Platelets were isolated as noted above and subjected to lipid extraction using 1.5 mL 

methanol/chloroform (2:1, v:v) as previously described (24). The extraction solvent 

contained d7sphingosine (d7-Sph), d7--sphingosine-1-phosphate (d7-S1P), C17-

lysosphingomyelin (C17-LysoSM), C17-ceramide (C17-Cer) and C16-d31-sphingomyelin 

(C16-d31-SM) (all Avanti Polar Lipids, Alabaster, USA) as internal standards. Sample 

analysis was carried out by liquid chromatography tandem-mass spectrometry using either a 

TQ 6490 mass spectrometer for sphingosine (Sph), S1P, and lysosphingomyelin (LysoSM), 

or a QTOF 6530 mass spectrometer for ceramide and sphingomyelin species (both Agilent 

Technologies, Waldbronn, Germany) operating in the positive electrospray ionization mode. 

The following selected reaction monitoring transitions were used for quantification: m/z 
300.3 → 282.3 for Sph, m/z 380.3 → 264.3 for S1P, m/z 465.4 → 184.1 for LysoSM, m/z 
307.3 → 289.3 for d7-Sph, m/z 387.3 → 271.3 for d7-S1P and m/z 451.3 → 184.1 for 

C17-LysoSM. The precursor ions of ceramide or sphingomyelin species (differing in their 

fatty acid chain lengths) were cleaved into the fragment ions m/z 264.270 or m/z 184.074, 

respectively (25). Quantification was performed with Mass Hunter Software (Agilent 

Technologies).
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Statistical Analysis

All data are presented as the mean ± standard deviation or median (interquartile range). 

Student’s t-test was used to compare continuous variables between two groups. The Kruskal-

Wallis test was used to compare continuous nonparametric data between groups of three or 

more. A p value of less than 0.05 was considered significant. Prism 6 (GraphPad Software, 

La Jolla, California) was used for all statistical analyses.

RESULTS

Increased platelet contribution to clot with aspirin and amitriptyline

Thromboelastometry results demonstrated that the platelet contribution to maximum clot 

firmness (%MCFPlatelet) at 6 hours was significantly higher in mice that received aspirin 

(69%, p<0.002) or amitriptyline (68%, p<0.007) compared to mice that received saline 

(57%). (Figure 1) By 24 hours after TBI, the difference in %MCFPlatelet between aspirin or 

amitriptyline and saline did not persist. The %MCFPlatelet was similar in ketorolac, heparin 

and enoxaparin compared to saline at 6 and 24 hours.

Aspirin, ketorolac and amitriptyline decrease platelet aggregability following TBI

The overall ADP- and arachidonic acid-induced platelet aggregation was significantly lower 

in mice receiving ketorolac, aspirin, and amitriptyline compared to mice receiving saline at 6 

hours post-injury. By 24 hours after injury, only arachidonic acid-induced platelet 

aggregation was lower in mice receiving aspirin. (Figure 2a–c)

CD41+ microvesicle changes

There were no differences in the total or percentage of platelet-derived (CD41+) 

microvesicles between any treatment group at both 6 and 24 hours compared to the saline 

control group. However, CD41+ microvesicles significantly increased over time in the 

enoxaparin, ketorolac, aspirin, and amitriptyline groups. This change in microvesicle 

production was not seen in the saline and heparin groups. (Figure 3)

Platelet sphingosine-1-phosphate and ceramide levels increased at 24 hours

Ceramide and S1P have been shown to affect platelet activation and function (26). 

Therefore, the levels of acid sphingomyelinase activity and S1P and ceramide levels per 

platelet were evaluated to assess the functional changes observed in platelet aggregation. 

There were no differences amongst groups at either timepoint for platelet acid 

sphingomyelinase activity. At 6 hours following TBI, platelet S1P levels were lower in the 

amitriptyline group (0.34±0.1 pmol/platelet, p=0.004) compared to saline (0.97±0.5 pmol/

platelet). At 24 hours, the S1P levels were higher in the amitriptyline group compared to the 

saline group (1.3±0.5 vs. 0.68±0.3, amitriptyline vs. saline, p=0.02). (Figure 4) Ceramide 

levels were also increased in the amitriptyline group compared to saline at 24 hours, 

including C16, C20, C22, C24:1 and total ceramide per platelet. C18 and C24 ceramide 

were no different in the amitriptyline treated animals. (Figure 5) By contrast, aspirin, 

ketorolac, heparin, and enoxaparin did not induce any changes in platelet S1P or ceramide 

levels despite some changes noted in platelet aggregation.
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Enoxaparin and Amitriptyline Show Dose Response Effect

Due to the effect of enoxaparin on platelet aggregation in previous literature and our 

previous findings of subacute platelet hyperaggregability after TBI, we further investigated 

the enoxaparin effect by evaluating the dose response with and without TBI (27, 28). 

Enoxaparin demonstrated decreased platelet aggregation after sham TBI with both ADP and 

ASPi as the agonist. Interestingly, in the TBI group, the AUC was similar when initiated 

with ADP, but showed an increase in platelet aggregation when ASPi was used as the 

agonist. (Figure 6a–d) These findings suggest that enoxaparin may mitigate the post-TBI 

ADP but not arachidonic acid-induced platelet hyperaggregability.

Acid sphingomyelinase and S1P have been previously proposed to have an effect on platelet 

aggregation (26, 29). This previous literature and our current findings demonstrating 

decreased platelet aggregation following administration of amitriptyline prompted further 

investigation into the dose response of amitriptyline. In the sham TBI group, amitriptyline 

did not show an effect on the platelet aggregation when initiated with ADP or ASPi. 

However, in the TBI group, amitriptyline reduced platelet aggregation with increased dosing 

when initiated with ADP. (Figure 7a–d)

DISCUSSION

In this study, we demonstrated decreased platelet aggregation induced by ADP or ASPi at 6 

hours following TBI in mice treated with ketorolac, aspirin and amitriptyline. This 

correlated with decreased platelet S1P levels at 6 hours following TBI in the amitriptyline 

group. However, the platelet S1P level was increased in the group receiving amitriptyline 

compared to saline at 24 hours in which platelet aggregation was restored. Platelet derived 

microvesicles and acid sphingomyelinase activity were similar amongst all groups. Contrary 

to the aggregation findings, the platelet contribution to clot formation was significantly 

increased in the amitriptyline group compared to saline group at both 6 and 24 hours. 

Overall, these findings suggest that S1P levels may contribute to platelet activity and 

amitriptyline is a potential, novel medication to modulate platelet function following TBI.

This study demonstrates decreased platelet aggregation and platelet S1P levels at 6 hours in 

mice treated with amitriptyline following TBI. By 24 hours, the amitriptyline-induced 

reduction in platelet aggregation had resolved and platelet S1P levels were then elevated. A 

recent review discussed the possible role of S1P in thrombin-associated inflammatory 

reactions and cell signaling(30). The regulation of sphingosine kinase and S1P levels by 

thrombin and other coagulation factors may provide a possible mechanism of thrombotic 

disease. Another study concluded that S1P may have a physiologic role in thrombosis, 

hemostasis, and wound healing. These authors demonstrated a significant effect of S1P on 

platelet shape and aggregation, with ADP and S1P demonstrating a synergistic effect on 

platelet aggregation (29). Onuma et al. suggested that S1P might inhibit collagen-induced 

platelet activation by demonstrating a significant decrease in platelet derived growth factor 

and soluble CD40 ligand induced by S1P. However, their study utilized human platelets and 

did not stimulate the platelets with either agonist used in the present study (31). Münzer et 

al. demonstrated an increase in platelet aggregation utilizing sphingosine kinase 1 knockout 

mice. However, in contrast to our study, S1P levels were not measured and platelet 
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aggregation was measured using a flow chamber (32). Taken together, our data and the 

previous literature continue to support the role of S1P in platelet aggregation, but its exact 

mechanism and role will need further investigation, especially in the posttraumatic setting.

Enoxaparin has been found to be more effective in preventing VTE in the trauma population 

and is the preferred form of chemoprophylaxis according to the Eastern Association for the 

Surgery of Trauma practice management guidelines (33, 34). Given the findings in this 

study, we hypothesize that the improved performance of enoxaparin over unfractionated 

heparin in VTE chemoprophylaxis may be, at least in part, due to the decreased platelet 

reactivity as demonstrated by treatment of mice with enoxaparin following TBI. Our data 

demonstrate an enoxaparin dose-dependent response in ADP-induced platelet aggregation. 

Although this effect is not present following TBI, we have previously demonstrated subacute 

increased platelet function at 6 hours post-TBI in a murine model that may be mitigated by 

the enoxaparin effect (16). Previous studies have shown similar results, but ours is the first in 

a murine injury model. The majority of studies have been from the interventional cardiology 

literature. Aggarwal et al. demonstrated increased P-selectin expression, which is a surrogate 

marker of platelet activation, in blood treated with UFH compared to enoxaparin in response 

to ADP (28). A second study evaluated the blood of patients undergoing hemodialysis that 

was anticoagulated with either enoxaparin or UFH. The blood anticoagulated with 

enoxaparin had significantly less platelet reactivity compared to UFH as defined by surface 

expression of P-selectin in response to ADP (27). In contrast to our findings, a randomized 

controlled trial evaluating the efficacy and platelet effect of enoxaparin vs. UFH in patients 

with unstable angina and found greater inhibition of platelet aggregation in the patients who 

received UFH. However, the dosing and monitoring may have not allowed for adequate 

antiplatelet effect to be seen (35). These results suggest that the improved outcomes in VTE 

in the trauma population may be due to the greater impact on platelet aggregation observed 

with enoxaparin compared to UFH.

Aspirin is a common anti-platelet agent that works via the arachidonic acid pathway and is 

used in many disease processes to reducing venous and arterial thromboses. This study 

demonstrated reduced platelet aggregation initiated by both ADP and arachidonic acid 

following TBI. The effect was seen in both pathways at 6 hours and the ASPi only pathway 

at 24 hours. At 6 hours following TBI, the platelet contribution to clot formation was 

significantly increased compared to the group who received saline. These findings suggest 

that aspirin may have some effect of inhibiting platelet aggregation rather than solely by the 

arachidonic acid pathway. This effect may also explain the variability in clinical response 

observed between patients. Dunne et al. evaluated platelet aggregation of patients on dual 

antiplatelet therapy (P2Y12 inhibitor and aspirin), aspirin alone or healthy volunteers. Their 

results showed several patients who took aspirin only to have platelet aggregation reduced 

below the level that was considered to have a therapeutic response to P2Y12 inhibition (36). 

Another study evaluated the platelet aggregation of “aspirin resistant” patients and found 

that these patients had an increase in platelet aggregation in response to ADP (37). These 

studies demonstrate the variability in aspirin effect of platelet aggregation in response to 

ADP. The variability in aspirin effect may demonstrate an additional mechanistic effect on 

platelet function and is a future direction of investigation in our laboratory.
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There are several limitations of our study that should be addressed. First, our TBI model 

lacks the angular and rotational forces that are observed in humans involved in motor vehicle 

accidents or other traumatic accidents. Second, we only used ADP and ASPi as agonists for 

platelet aggregation. Other factors such as thrombin and collagen involved in platelet 

aggregation may be missed. Third, our data only represent platelet aggregation in the first 24 

hours following traumatic injury and is limited to intraperitoneal route of medication, as 

additional changes may occur over time following injury. A future direction for this work is 

to compare different routes of administration, such as utilizing amitriptyline in the drinking 

water and evaluating its effect over longer time periods. Fourth, the increased downstream 

sphingolipids in the setting of normal acid sphingomyelinase activity may be due to our time 

points and enzymatic activity returns to normal prior to our collection times. Further 

investigation is need into the exact mechanism of increased ceramide and sphingolipid 

levels. The subsequent use of unique transgenic animals with acid sphingomyelinase 

deletion and overexpression will allow us to further elucidate this mechanism. Finally, the 

data for early aspirin and amitriptyline treatment show a reduction in platelet activation by 

impedance aggregometry with a concomitant increase in platelet contribution to clot by 

ROTEM. These findings suggest that conclusions about platelet function may be discrepant 

depending on the in vitro test selected and should be further correlated with clinical findings, 

including bleeding time or increased intracranial hemorrhage in the setting of TBI.

Conclusions

Following traumatic brain injury, amitriptyline decreased subacute platelet aggregability and 

increased contribution to clot in a manner similar to aspirin. The effect of amitriptyline on 

platelet function and changes in S1P levels reflect a possible role of acid sphingomyelinase 

in the hypercoagulability observed following injury and suggest sphingolipid metabolism as 

a novel target for multimodal VTE chemoprophylaxis. Additionally, inhibition of platelet 

reactivity may be an underappreciated benefit of low molecular weight heparins, such as 

enoxaparin, compared to unfractionated heparin use. Appropriate selection and timing of 

agents may optimize VTE chemoprophylaxis with multimodal treatment following TBI.
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Figure 1: 
At 6 hours following TBI, mice that received aspirin and amitriptyline had an increased 

platelet contribution to clot compared to saline utilizing EXTEM and FIBTEM testing. N=6 

per group, * = p < 0.05
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Figure 2a-c: 
Platelet aggregation comparison between groups. a-b) At 6 hours following TBI, mice that 

received ketorolac, aspirin and amitriptyline had decreased platelet aggregation compared to 

saline when stimulated with both adenosine diphosphate (ADP) and arachidonic acid 

(ASPi). c) At 24 hours following TBI, only the mice that received aspirin continued to have 

decreased platelet aggregation when stimulated with ASPi. N=6 per group, * = p < 0.05
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Figure 3: 
Platelet derived (CD41+) microvesicles were increased at from 6 to 24 hours following TBI 

in the groups treated with enoxaparin, ketorolac, aspirin and amitriptyline. No difference 

seen between groups at either timepoint. N=6 per group, * = p < 0.05
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Figure 4: 
In mice treated with amitriptyline, sphingosine-1-phosphate (S1P) per platelet levels were 

decreased at 6 hours and increased at 24 hours following TBI compared to saline by mass 

spectrometry. N=6 per group, * = p < 0.05
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Figure 5: 
At 24 hours following TBI, the mice treated with amitriptyline had increased ceramide 

levels compared to saline by mass spectrometry. N=6 per group, * = p < 0.05
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Figure 6a-d: 
In mice treated with enoxaparin, ADP-induced platelet aggregation is decreased with high 

doses in the setting of sham TBI. However, this is not seen in the mice who underwent TBI 

and a paradoxical increase in platelet aggregation is seen when initiated with arachidonic 

acid. N=6 per group, * = p < 0.05
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Figure 7a-d: 
In mice treated with amitriptyline, platelet aggregation is similar between all doses in the 

setting of sham TBI. However, a decrease in platelet aggregation, when initiated with </P/> 

ADP, is demonstrated in mice who underwent TBI. N=6 per group, * = p < 0.05
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