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Abstract

Background—We developed a hemorrhagic shock animal model to replicate an urban 

prehospital setting where resuscitation fluids are limited to assess the effect of saline versus 

plasma in coagulopathic patients. An in vitro model of whole blood dilution with saline 

exacerbated tPA mediated fibrinolysis, while plasma dilution did not change fibrinolysis. We 

hypothesize that shock induced hyperfibrinolysis can be attenuated by resuscitation with plasma 

while exacerbated by saline.

Methods—Sprague Dawley rats were hemorrhaged to a mean arterial pressure (MAP) of 25 

mmHg and maintained in shock for 30 minutes. Animals were resuscitated with either normal 

saline (NS) or platelet free plasma (PFP) with a 10% total blood volume bolus, followed by an 

additional 5 minutes of resuscitation with NS to increase blood pressure to a MAP of 30 mmHg. 

Animals were observed for 15 minutes for assessment of hemodynamic response and survival. 

Blood samples were analyzed with thrombelastography (TEG) paired with protein analysis.

Results—The median percent of total blood volume shed per group were similar (NS 52.5% vs 

PFP 55.7 p=0.065). Survival was 50% in NS compared to 100% in PFP. The change in LY30 and 

tPA levels from baseline to shock was similar between groups (LY30 PFP10 IQR 4.3 to 11.2, NS 

4.5 IQR 4.1 to 14.2 p=1.00; tPA PFP 16.6 ng/ml IQR 13.7–27.8, NS 22.4 IQR 20.1 to 25.5 
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p=0.240). After resuscitation, the median change in LY30 was greater in the NS group (13.5 IQR 

3.5 to 19.9) compared to PFP (−4.9 % IQR −9.22 to 0.25 p=0.004) but tPA levels did not 

significantly change (NS 1.4 IQR-6.2 to 7.1 vs PFP 1.7 IQR-5.2 to 6.8 p=0.699).

Conclusions—Systemic hyperfibrinolysis is driven by hypoperfusion and associated with 

increased levels of tPA. Plasma is a superior resuscitation fluid to normal saline in a prehospital 

model of severe hemorrhagic shock as it attenuates hyperfibrinolysis and improves systemic 

perfusion.
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Background

Hyperfibrinolysis is the most lethal phenotype of trauma induced coagulopathy (TIC) (1). 

Depending on the degree of fibrinolysis, mortality ranges from 50–100% (1–4). High levels 

of tissue plasminogen activator (tPA) combined with a reduction in fibrinolysis inhibitors 

appear to drive this process (5). Profound shock is the most consistent clinical predictor of 

hyperfibrinolysis in retrospective trauma studies (6–8). This is further supported by non-

trauma literature in which hyperfibrinolysis is prevalent in patients with prehospital cardiac 

arrest (9). The observation that inadequate perfusion promotes fibrinolysis is not new. A 

review by Sherry et al. in 1959 described multiple studies in which occlusion of vascular in 

flow or out flow increased fibrinolytic activity (10). This is further supported by an animal 

model in which profound shock increased systemic tPA levels and resulted in clots more 

susceptible to fibrinolysis (Moore et al. Surgery 2015 in press). Therefore, prompt and 

adequate resuscitation of patients in shock has the potential to attenuate hyperfibrinolysis.

Prehospital volume restoration to correct shock in severely injury patients remains a 

challenge. Crystalloid administration has been associated with the development of 

hyperfibrinolysis (2). Prior in vitro work has shown that whole blood dilution with saline 

increases susceptibility to tissue plasminogen activator (tPA) mediated fibrinolysis (5). 

However, equivalent dilution of whole blood with plasma does not increase fibrinolytic 

activity (Moore et al 2015 JACS in press). Plasma contains high concentrations of protease 

inhibitors that can regulate fibrinolysis (11, 12), and contains fibrinogen and other factors 

that promote a fibrinolytic resistant clot (13–15).

Plasma first resuscitation in hyperfibrinolytic patients may be life saving as it provides 

substrates for controlled hemostasis in addition to effective volume resuscitation with 

enhanced metabolic restoration. The initial resuscitation fluid may be critical to improve 

survival in trauma patients in profound shock as they are likely releasing large amounts of 

tPA, that can become unregulated by dilution of circulating plasma inhibitors with 

crystalloid resuscitation. We are currently conducting the COMBAT (Control of Major 

Bleeding After Trauma) study, a randomized clinical trial designed to evaluate the effects of 

receiving plasma versus normal saline in the field. To begin to understand shock induced 

coagulopathy and the impact of field resuscitation fluids, we created an animal model 

representing the COMBAT study conditions, i.e., an urban prehospital setting where 
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resuscitation fluids are limited and normalization of blood pressure is not always obtainable. 

The objective of this study was to elucidate the molecular mechanisms mediating shock 

induced hyperfibrinolysis and the effects of early administration of plasma versus saline in 

this phenotype of coagulopathy. This manuscript describes the animal model and tests the 

hypothesis that severe shock increases systemic levels of tPA resulting in hyperfibrinolysis, 

which can be attenuated by resuscitation with plasma and exacerbated by saline.

Methods

Subjects

The University of Colorado Institutional Animal Care and Use Committee approved this 

animal study under protocol #90814. Male Sprague Dawley rats (age 14–16 weeks) with a 

weight between 300 and 400 grams were used for the experiment.

Animal Induction and Cannulation

Anesthesia was induced with pentobarbital (5mg/kg, intraperitoneal) followed by 

tracheostomy and femoral artery cannulation. The femoral artery cannula was used for 

invasive measurement of blood pressure, blood withdrawal for controlled hemorrhage 

sampling, and resuscitation. The animals were allowed to recover from these initial 

procedures for airway and vascular access and then randomized into resuscitation groups as 

described below. Due to the need for plasma, the first three animals were allocated to the 

normal saline (NS) group. Thereafter, animal resuscitation randomization was alternated 

between PFP and NS.

Hemorrhagic shock

Hemorrhagic shock was performed through the femoral artery catheter with blood draws 

(volume 0.5 to 1.5 ml) every 30 seconds to achieve a mean arterial pressure (MAP) of 25 

mmHg within 5 minutes. A MAP of 25 was selected as previous experiments with a MAP 

>30 were insufficient in producing coagulation changes (16); and rodents with a MAP <20 

did not survive a second blood draw. Blood pressure was maintained at a MAP of 25 +/− 2 

mmHG for 30 minutes performing additional blood draws as needed (Figure 1). The 30 

minutes of shock was selected based on a previous model in which 30 minutes was adequate 

to increase systemic tPA levels (Moore et al. Surgery 2015 in press).

Replicating Prehospital Resuscitation

Fluid resuscitation prior to arrival at the hospital is limited on what can be delivered to 

critically injured patients. It is common for patients who have coagulation changes to be 

incompletely resuscitated before they arrive at the hospital. An estimated 10% total blood 

volume of the rat (0.06ml/gram*rat weight grams*0.10) was transfused over 2 minutes 

(plasma vs normal saline) through the femoral artery, with an additional 3 minutes of 

resuscitation (saline only) to obtain a MAP >30 mm Hg. This initial 10% volume for 

resuscitation was based on the estimate of what a trauma patient would receive prior to 

arrival to the hospital in an ongoing prehospital plasma trial (17). It was anticipated that 

plasma resuscitation would increase blood pressure more effectively than crystalloid due to 

oncotic forces of proteins. The additional 3 minutes of resuscitation allowed for both arms of 
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the experiment to increase blood pressure to a MAP >30 mm Hg. Following 5 minutes of 

resuscitation, both arms of the experiment were observed for 15 minutes. Continued 

resuscitation was not performed during this time frame to reduce confounding of ongoing 

whole blood dilution and for assessment of effectiveness of resuscitation fluid on blood 

pressure and survival.

Blood samples

Baseline blood samples were obtained after cannulation, tracheostomy and rest period. A 

second blood draw occurred 30 minutes after achieving the targeted blood pressure of 35 

mm Hg representing the shock time point. The third time point of blood samples were 

obtained after 15 minutes of observation following resuscitation. To keep blood sampling 

volume constant between different animal weights, 8% of estimated total blood volume was 

drawn at each time point. The 8% blood volume was established based off the minimal 

amount of blood from a 300 gram rodent required to conduct thrombelastography (TEG) and 

plasma assays. Blood samples obtained after the shock point dramatically reduced blood 

pressure to a point at which animals would have not survive without immediate 

resuscitation. Animals that did not survive the observation period or died during the final 

blood draw had an immediate laparotomy and sternotomy with blood draw through the 

supra-hepatic vena cava using 20 gauge needle and 1 ml syringe.

Blood Component Banking

Blood banking techniques in rodents were described by Gilson et al (18). A modified 

protocol was developed to minimize the number of animals used in the experiment by 

eliminating the need to sacrifice animals to obtain blood products. During hemorrhage, the 

first 3 ml of blood were collected in citrate phosphate dextrose adenine (CPDA-1) with a 

final concentration of 14%, as used by the Gilson group. These blood samples underwent 

serial centrifuge spins to remove red cells and platelets to reduce the contamination of 

cellular lysate, which has previously been shown to alter fibrinolysis (19). The remaining 

platelet free plasma (PFP) was flash frozen in liquid nitrogen and stored at −80 degrees 

Celsius. Prior to transfusion PFP from 3 animals was warmed in a 37 degree Celsius 

incubator for 15 minutes and pooled. Pooling allowed for less variability in animal plasma.

Blood Samples and Rodent Thrombelastography

Whole blood was collected in 3.2 % sodium citrate tubes at a 1:10 ratio, based on a 

standardized model of performing TEG in rodents (20). Individual microcentrifuge tubes 

were prefilled with citrate and marked to an appropriate fill level to ensure reproducible 

ratios of whole blood to citrate. Citrated native TEG assays were re-calcified and run 

according to the manufacturer’s instructions on a TEG 5000 Thrombelastography 

Hemostasis Analyzer (Haemonetics, Niles IL). The LY30 parameter was used to quantify 

fibrinolysis. Blood not used for TEG was spun to yield plasma for protein analysis. Whole 

blood was centrifuged at 6,000 g for 10 minutes at 4 °C. Plasma was removed and then spun 

at 12,500 g for 10 minutes at the same temperature to remove contaminating platelets and a 

cellular debris. The remaining plasma was flash frozen in liquid nitrogen and stored at −80 

°C until analyzed.
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ELISA

Assays for detection of total plasma tissue levels of tPA were purchased from Molecular 

Innovations (Novi, MI product # RTPAKT-TOT). Plasma and tissue homogenate 

supernatants were used in a 1:1 dilution and were run according to the manufacture’s 

recommendations. Samples were run in duplicate and the average of two samples was used 

for quantification. Using the “ladder” of standards, standard curves were constructed, and 

plasma levels were quantified in ng/ml after adjusting for dilution.

Mass Spectrometric Analysis

The albumin was removed from the plasma samples Capture Select™ Multi Species 

Albumin Depletion affinity resin according to manufacturer’s protocol. Protein preparation 

and analysis was conducted using a similar methodology previously used to analyze human 

lymph and plasma samples (21)

Statistical Analysis

SPSS software version 22 (IBM, Armonk, NY) was used for statistical analysis. All 

experimental results were represented as the group median and variability was represented 

by interquartile range (IQR), as several variables were not normally distributed (e.g., LY30, 

tPA levels). Correlations were explored using the Spearman test. Experimental groups were 

contrasted with the Mann-Whitney-U test and the Kaplan-Meyer survival curves evaluated 

survival with differences between strata tested via the log rank test. Group sample sizes of 6 

and 6 achieve 80% power to detect a minimum difference of 10 percent points in the LY30 

change from baseline to resuscitation between experimental groups assuming a change of 

20% (resuscitation/baseline) in the NS group (with known group standard deviations of 8% 

and 4%) and significance level (alpha) of 0.05.

Proteomic analysis was a descriptive assessment of pooled samples because of limited 

volumes at each time point. To visualize the relative changes from baseline protein spectral 

counts to counts during shock and resuscitation, the experimental groups were contrasted 

using a conditional formatting in Excel version 14.7.4 (Microsoft, Redmond, WA). The 

color red represented the 95th percentile change in protein detection, white represented 50th 

percentile (no change) and blue represented 5th percentile change (decreased protein count). 

Due to a large number of identified proteins, we selected only proteins containing baseline 

spectral counts greater than 10 and had a similar counts between experimental groups at 

baseline and shock.

Results

Hyperfibrinolysis in Rodent Near Lethal Hemorrhage

A total of 23 rodents were used for this experiment. Seven rodents died before resuscitation 

(three in PFP, four in NS). An additional four rodents (one PFP, three NS) did not develop 

hyperfibrinolysis after shock (LY30 > 3%). These 11 animals were not included in the 

analysis. The remaining twelve animals were equally distributed to each experimental arm. 

The percentage of total estimated blood volume shed between groups was similar NS 52.5% 

(IQR 51.2–55.3) vs PFP 55.7 (IQR 54.3–59.2) p=0.065. Blood pressure (MAP) prior to 
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resuscitation was similar between groups (Figure 2) with a similar nadir reach prior to 

resuscitation (PFP 16.5 mm Hg IQR 15.8–18.3 versus NS 16.0 mm Hg IQR 14.8–19.0 

p=0.684).

Plasma is a Superior Resuscitation Fluid to Normal Saline

Blood pressure was significantly higher in the PFP group compared to NS group after an 

initial 10% of estimated blood volume resuscitation (PFP 32.5 mm Hg IQR 31.3–35.0 

versus NS 25.0 mm Hg IQR 23.5–29.0 p=0.01). After the initial 10% bolus of resuscitation 

fluids, animals in the PFP group did not require on going resuscitation, while all animals in 

the NS group required ongoing crystalloid resuscitation to increase the MAP above 30 mm 

Hg. Therefore, each group represented a pure resuscitation of plasma or crystalloid. Total 

fluid resuscitation was significantly higher in the NS group (20% IQR 16.8–23.1 vs 10.0% 

IQR 9.9–10.1 p<0.001). During the observation period, all blood pressures remained higher 

in the PFP group (Figure 2). Survival was 50% in NS compared to 100% in PFP during 

observation. Survival time trended towards significance (log rank p=0.055 Figure 3). All 

animals in the PFP group survived the final blood draw, while only one of the three animals 

in the NS group that survived the observations period survived the final blood draw.

LY30 Increases with Shock and is Exacerbated by Saline Resuscitation Despite tPA level 
Stabilization After Resuscitation

Baseline LY30, and tPA levels were similar between experimental arms (LY30 PFP 1.2% 

IQR 0.5–5.0, NS 0.8% IQR 0.2–2.7 p=0.349; tPA PFP 10.5 ng/ml IQR 9.2–11.5 vs NS 11.8 

IQR 8.8–13.7 p=0.560). Shock increased both LY30 and tPA levels in both experimental 

arms (LY30 PFP 10% IQR 4.3–12.0, NS 4.5% IQR 4.1–14.0; tPA PFP 16.6 ng/ml IQR 

13.7–27.8, NS 22.4 IQR 20.8–25.5). The change in LY30 and tPA levels from baseline to 

shock were not statistically different between groups (LY30 PFP10 IQR 4.3 to 11.2, NS 4.5 

IQR 4.1 to 14.2 p=1.00 Figure 4A; tPA PFP 16.6 ng/ml IQR 13.7–27.8, NS 22.4 IQR 20.1 

to 25.5 p=0.240 Figure 4B). Although both experiment arms had an increase in LY30 and 

tPA for all animals, the magnitude of change did not directly correlate (Spearman’s Rho 

0.315 p= 0.319). After resuscitation, LY30 was greater in the NS group (22.5 IQR 7.8–33.7) 

compared to PFP (2.6 IQR 2.2–5.4) but, tPA levels remained in a similar range (NS 22.9 

IQR 15.7–30.5 vs PFP 14.1 IQR 13.5–27.4). The median change from shock to resuscitation 

in LY30 was significant in the NS group (13.5 IQR 3.5 to 19.9) compared to the PFP group 

(−4.9 % IQR −9.22 to 0.25 p=0.004 Figure 5A) but changes in tPA levels did not reach 

statistical significance (NS 1.4 IQR-6.2 to 7.1 vs PFP 1.7 IQR-5.2 to 6.8 p=0.699 Figure 

5B).

Proteomics

Pooled animal plasma at each time point identified over 400 proteins. Table 1 represents 16 

proteins with similar baseline spectral counts. These proteins are ordered in ranked 

according to changes after shock, ordered from the largest increase of protein count from 

baseline to resuscitation with NS to the largest decrease in baseline to resuscitation with NS. 

Notably, fibrinogen, histidine rich glycoprotein (HRG), and Von Willebrand Factor (vWF) 

were reduced in the NS group. These proteins have been implicated in regulation of 

fibrinolysis.
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Discussion

In this rodent model of prehospital resuscitation in hyperfibrinolytic animals, plasma was a 

superior resuscitation fluid to saline. Plasma per volume was more effective at increasing 

mean arterial blood pressure, and the effects were sustained over 15 minutes of observation. 

This was accompanied by an overall improved survival rate. In addition, these animals all 

tolerated an additional blood draw suggesting increased physiologic reserve. Shock 

increased tPA in all animals, but the type of resuscitation did not change tPA concentrations. 

Proteomics identified several proteins that may account for these changes. Collectively, the 

beneficial effect of plasma resuscitation appears to be restoring unbalanced plasma proteins 

closer to their baseline level.

Prior hemorrhagic shock models in rodents have observed the beneficial effects of plasma 

over saline resuscitation. Kozar et al. (22) have previously shown the restorative effects of 

plasma over crystalloid resuscitation on the endothelial glyocalyx and reduction in lung 

injury. In this non-lethal pressure control model of hemorrhagic shock to a MAP of 30 

mmHg for 90 minutes, the plasma-resuscitated rats required less than half the volume to 

recover from shock required for animals resuscitated with crystalloid. In a different rat 

hemorrhage volume control model (40% blood volume shed) over 30 minutes with 30 

minutes of shock, plasma resuscitation also improved the endothelium in addition to 

preventing a decrease in clot strength compared to rodents resuscitated with crystalloid or 

colloids (23). The survival benefit of plasma resuscitation was also observed in a polytrauma 

swine model with severe hemorrhagic shock (24). Alam et al. demonstrated that plasma 

alone was an effective resuscitation fluid that corrected coagulopathy and improved survival 

compared to colloid and was equivalent to transfusion of whole blood with 60% bloodshed. 

The limitation of these prior animal models was the failure to generate a coagulopathy prior 

to resuscitation. Our model was designed to produce coagulation changes within 30 minutes, 

which has been documented in a number of clinical studies (25, 26) and was first suggested 

by Hardaway in 1970 (27). We demonstrated the beneficial effects of plasma on 

coagulation, even with incomplete resuscitation using plasma in rodents with 

hyperfibrinolysis, which is representative of trauma patients at the highest risk of death that 

arrive at the emergency department.

Based on previous work, we anticipated that circulating tPA levels would be elevated after 

30 minutes of non-survivable shock in rats, and their clots would become more susceptible 

to clot degradation when challenges with a profibrinolytic (Moore et al Surgery 2015 

manuscript submitted). Due to the fact these animals would not survive an 8% blood volume 

draw in this pressure control model at a MAP of 20 mmHG, the depth of shock in our 

current animal model was decreased to 25 mm Hg. This allowed rodents to survive 

hemorrhage and develop a profound shock state that was lethal unless resuscitated promptly. 

Bringing these animals to a near lethal state, but not into circulatory arrest, produced the 

hyperfibinolytic phenotype. The observation that 7 animals died during the post shock blood 

draw supports the hypothesis that fibrinolysis appears to be a pre-mortal event.

The tPA levels that increased with shock in this animal model are within the range of tPA 

levels measure by Brohi et al. proposing the mechanism of trauma coagulopathy in human 
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patients driven by hypoperfusion (28). These authors point out the importance of unbalance 

of tPA regulation as a mechanism for increases in fibrinolysis. This is consistent with 

changes in rat tPA from baseline that did not correlate with changes in the magnitude of 

LY30 after shock, as individual animals resistance to fibrinolysis likely reflects variability of 

plasma proteins at baseline, which was evident in our proteomic analysis. High local levels 

of tPA can be produced by degranulation of small vessel endothelial cells (29). This 

regionalized fibrinolysis keeps the microvascular patent but circulating plasma under 

physiologic conditions prevents systemic hyperfibrinolysis. As previously mentioned, 

systemic fibrinolysis is not only impaired by PAI-1, but by a number of additional proteins 

in human plasma (30) and inhibited in the presence of platelet degranulation (31). Our 

proteomic analysis suggests depletion of fibrinogen, HRG and vWF after saline resuscitation 

when compared to plasma. Low levels of fibrinogen (14), HRG (32) and vWF (33) have 

been associated with increased susceptibility to fibrinolysis. Additionally, the proteins with 

the greatest change (Zero beta-1 globin, Beta-2-microglobulin) have been implicated in non-

trauma related cellular damage (34, 35). Finally, there are a number of proteins associated 

with complement activation (Properiden, Ficolin) that have been implicated in up regulation 

of fibrinolysis after shock (36).

The high variability of LY30 and tPA in this study are representative of the complexity of 

the fibrinolytic system. There does not appear to be a finite threshold for development for 

hyperfibrinolysis as we observed that not all rodents developed the hyperfibrinolytic 

phenotype. This variability of susceptibility to fibrinolysis is also observed in the clinical 

setting. Due to restrictions of blood sampling in these animals, we were not able to perform 

concurrent platelet function assays. The abundance of antifibrinolytic stored in platelets 

granules makes them a probable suspect for fibrinolysis regulation. Recently, plasma 

resuscitation compared to saline has been shown to improve platelet function after 

hemorrhagic shock in a swine model (37). As previously discussed, there are numerous 

potential benefits of plasma resuscitation compared to crystalloid, many of which remain to 

be elucidated. The ongoing randomized prehospital trials (NCT01838863, NCT02303964, 

NCT01818427) are essential to evaluate the risk/benefit of treating trauma patients in the 

field with plasma, as it has been reported that plasma transfusion is associated with organ 

failure (38). Regardless, there is compelling evidence that plasma first resuscitation in the 

right patient at the right time has the potential to be lifesaving.
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Figure 1. Schematic of profound shock model
Animals after cannulation underwent hemorrhage form 5 minutes reduce blood pressure to a 

mean arterial pressure of less than 35 mmHg, 30 minutes of shock, 5 minutes of 

resuscitation, and 15 minutes of observation. During resuscitation animals were randomized 

to either plasma or saline with an initial 10% estimated blood volume bolus followed by an 

addition as needed saline resuscitation to obtain a mean arterial pressure greater than 30.

MAP= mean arterial pressure in mmHG
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Figure 2. Saline resuscitation improves blood pressure
The median mean arterial blood pressure is represented on the Y axis. The X axis represents 

time points at which blood pressure were measured. Animals in both experimental arms had 

similar blood pressure during the hemorrhage and shock period. After initial bolus of 

resuscitation plasma increased blood pressure greater than saline, and continued to have a 

higher blood pressure during the observation period.

NS= normal saline; PFP = platelet free plasma; ng = nanogram
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Figure 3. Kaplan Meyer curve
Y axis represents cumulative survival, and X axis represents observation times in minutes.

NS= normal saline; PFP= platelet free plasma; ng= nanogram
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Figure 4. 
A, LY30 increased with shock: Y Axis represents the change in LY30 from baseline to 

shock. Both experimental groups had an increase in LY30 following 30 minutes of 

hemorrhagic shock.

B, tPA levels increased with shock: Y axis represents the change in tPA from baseline to 

shock. Both experimental groups had an increase in tPA following shock.

NS= normal saline; PFP = platelet free plasma; MAP = mean arterial pressure; Hem = 

hemorrhage; Obs = Observation; *= P<0.05
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Figure 5. 
A, LY30 after NS resuscitation and was attenuated with plasma. Y Axis represents the 

change in LY30 from shock to partial resuscitation and 15 minutes of observation. NS 

resuscitation increased LY30 while plasma resuscitation tended to decrease LY30.

B, tPA levels similar regardless of resuscitation. Y axis represents the change in tPA from 

shock to partial resuscitation and 15 minutes of observation. Both experimental groups 

showed a similar distribution of change in tPA.

PFP= platelet free plasma; NS= normal saline
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