
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iplt20

Platelets

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iplt20

Platelet consumption and hyperreactivity coexist
in experimental traumatic hemorrhagic model

Marcus Wannberg, Xinyan Miao, Nailin Li, Agneta Wikman & Carl-Magnus
Wahlgren

To cite this article: Marcus Wannberg, Xinyan Miao, Nailin Li, Agneta Wikman & Carl-Magnus
Wahlgren (2020) Platelet consumption and hyperreactivity coexist in experimental traumatic
hemorrhagic model, Platelets, 31:6, 777-783, DOI: 10.1080/09537104.2019.1678120

To link to this article:  https://doi.org/10.1080/09537104.2019.1678120

© 2019 The Author(s). Published with
license by Taylor & Francis Group, LLC

Published online: 15 Oct 2019.

Submit your article to this journal 

Article views: 1071

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=iplt20
https://www.tandfonline.com/loi/iplt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09537104.2019.1678120
https://doi.org/10.1080/09537104.2019.1678120
https://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09537104.2019.1678120
https://www.tandfonline.com/doi/mlt/10.1080/09537104.2019.1678120
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2019.1678120&domain=pdf&date_stamp=2019-10-15
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2019.1678120&domain=pdf&date_stamp=2019-10-15
https://www.tandfonline.com/doi/citedby/10.1080/09537104.2019.1678120#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/09537104.2019.1678120#tabModule


Platelet consumption and hyperreactivity coexist in experimental
traumatic hemorrhagic model

Marcus Wannberg1, Xinyan Miao2, Nailin Li2, Agneta Wikman3, & Carl-Magnus Wahlgren1

1Department of Molecular Medicine and Surgery, Karolinska Institutet, and Department of Vascular Surgery, Karolinska University Hospital,
Stockholm, Sweden, 2Karolinska Institutet, Department of Medicine-Solna, Clinical Pharmacology Group, Stockholm, Sweden, and 3Department of
Clinical Immunology and Transfusion Medicine, Karolinska Institutet/Karolinska University Hospital, Stockholm, Sweden

Abstract

Introduction Platelets are critical for hemostasis, and a low platelet count predicts mortality in
trauma. The role of platelet dysfunction in severe traumatic hemorrhage and coagulopathy
needs to be further defined. The aim of this study was to evaluate the platelet function in
a new model of experimental traumatic hemorrhage.
Material and methods New Zealand white rabbits (n = 10) were subjected to tracheostomy
and trauma laparotomy, and then bilateral femur fractures with 40% hemorrhage of their
estimated blood volume. Arterial blood gases, standard coagulation tests, mean platelet
volume, platelet aggregation using impedance aggregometry with agonist collagen, arachido-
nic acid (ASPI), and adenosine diphosphate (ADP), rotational thromboelastometry, and fibrino-
gen binding of platelets were analyzed using flow cytometry.
Results After traumatic hemorrhage, there was a significant physiological response with a rise
in lactate (P < .001) and a decrease in base excess (P < .001) and temperature (P < .001). Platelet
count decreased from a mean of 244x109/L to 94 x109/L (P = .004) and the mean platelet
volume increased from 5.1fL to 6.1fL (P = .002). Impedance aggregometry with the agonist
collagen, ASPI, and ADP was all significantly decreased after hemorrhage (P = .007). However,
there was an increased fibrinogen binding of ADP-activated platelets after traumatic hemor-
rhage analyzed by flow cytometry (P < .05).
Conclusions This traumatic hemorrhage model presents two parallel pathophysiological
responses of platelets; platelet consumption as evidenced by a significant decrease in platelet
count and aggregation, and platelet hyperreactivity as shown by a higher mean platelet
volume and enhanced platelet fibrinogen binding. Further studies are needed to characterize
these different aspects of platelet function in severe traumatic hemorrhage.
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Introduction

Major trauma is the leading cause of death worldwide in the young
population.Hemorrhage is themost commonpreventable cause of death
after trauma and accounts for up to 30%-40% of trauma-related deaths
[1–3]. Massive hemorrhage in combinationwith tissue injury in trauma
leads to a coagulopathic state, so-called trauma-induced coagulopathy
(TIC), which is present in 25%-37% of the patients [4]. Patients hospi-
talized with TIC have a significantly higher mortality risk than those
without coagulation anomalies[5]. Several factors are affected in TIC;
different degrees of dysfibrinogenemia, hyperfibrinolysis, endothelial
dysfunction, and impaired platelet function have all been described [6].
Platelets play critical roles in hemostasis, and a low platelet count

predicts mortality in trauma [7]. Platelet dysfunction has been described
as an early component inTIC, andprevious studies have shown impaired
platelet function both dependent or independent of platelet counts
[6,8–14].

Animal models of trauma hemorrhage and coagulopathy are
important to further improve our knowledge in these conditions
[15]. The clinical relevance of some of these models has been
discussed. The experimental rabbit model has previously been
proven to be useful to simulate trauma hemorrhage [16]. The
pathophysiology of platelet dysfunction in severe traumatic
hemorrhage and coagulopathy needs to be further studied. The
purpose of this study was to evaluate platelet function in an
experimental traumatic hemorrhage model.

Material and Methods

Ten New Zealand White Rabbits (3100–3800 g) were used in an
experimental traumatic model with bilateral femur fractures,
laparotomy and a class IV hemorrhage shock (>40% hemorrhage
of blood volume) (Figure 1). The study was approved (N67/15)
by the Ethics Committee for Experiments in Animals, Karolinska
Institutet, Stockholm, Sweden.
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Anesthesia

For premedication, medetomidine (0.2 mg/kg) was administered
subcutaneously. Total intravenous anesthesia (TIVA) initially
using sufentanil (6.9 mg/kg per hour) (Sufenta, Jansen-Cilag,
Sweden), and midazolam (1.35 mg/kg per hour) (Actavis AB,
Sweden) during laparotomy and femur fractures. Before initiation
of hemorrhage and resuscitation, the TIVA was changed to intra-
venous ketamine infusion for the remainder of the experiment. No
neuromuscular blocking agents were used. The animals were
tracheotomized with a 3.5 mm cuffed endotracheal tube
(Kimberly-Clark®) and started on mechanical ventilation with
25–30% oxygen in air using pressure-controlled mechanical ven-
tilation, 8–15 breaths per minute with 4 cm H2O post end expira-
tory pressure (PEEP) and peak pressure of 20 cm H2O (Servo 900
C®, Siemens-Elema, Sweden).

Vascular Instrumentation

An arterial line was placed in the right ear artery for initial blood
pressure monitoring and blood sampling. Percutaneous venous
catheters were placed in both ears for the administration of
drugs. After laparotomy, a 5 Fr introducer was placed, using
a micropuncture technique, in the inferior vena cava (IVC) with
the catheter tip in the right atrium of the heart for blood drainage.
The abdominal aorta was cannulated in a similar fashion with an
8Fr Fem-Flex II arterial cannula (Edwards Lifesciences™). The
catheter was used for blood sampling and continuous monitoring
of the blood pressure.

Monitoring

The animals were monitored continuously with an electrocardio-
gram (ECG), mean arterial pressure (MAP) in the abdominal
aorta, esophageal temperature, pulse oximetry on the tongue,
and end-tidal CO2.

Traumatic Hemorrhage Phase

The rabbits initially sustained midline laparotomy and bilateral
femur fractures. The femur fractures were standardized by stabi-
lizing femur with two poly grip pliers right above the patella and
5-cm proximal of the patella. The fracture was then manually
created between the pliers by outward rotation. A dislocation of
the bone was confirmed in the closed compartment. Introducers
(four French) were positioned in the IVC and the abdominal aorta.
Ice packs were placed in the abdomen to rapidly cool down the
animal and cause hypothermia aiming at 32°C. Forty percent of
the rabbit's estimated blood volume (70 ml/kg) was drawn with
syringes from the aorta to generate the equivalent of a class IV
hemorrhagic shock. This was done by drawing blood from the
aorta during the first 15 min, 20% of the blood volume, without

resuscitation to simulate the immediate situation after trauma.
The blood was manually withdrawn with a 20-ml syringe at
a continuous rate. During the next 15 min, another 20% of the
blood volume was drawn with a simultaneous infusion of Ringer's
solution in the IVC, this phase was to simulate prehospital trans-
portation and initial resuscitation. Thereafter, animals were kept
in hemorrhagic shock for another 45 min. During the whole shock
phase, animals were kept on a MAP-target of 10 mm Hg (pres-
sure–targeted controlled hemorrhagic shock) and a target tem-
perature of less than 32°C. Ringer´s solution was infused,
corresponding to 40 ml/kg, to keep the MAP at 10 mm Hg. The
total hemorrhagic shock time was 75 min (Figure 1).

Blood Chemistry and Coagulation Status

Laboratory parameters of arterial blood (pH, pCO2, pO2, base
excess (BE), hemoglobin (Hb), hematocrit (Hct), potassium
(K+), sodium (Na+), calcium (Ca [2]+), chloride (Cl−), glucose,
and lactate) were monitored at baseline (0 min) and after 75 min
of resuscitation or immediately if asystole. Blood samples were
collected from the aortic catheter, at baseline and 75 min after
trauma, using a vacutainer containing 1/10 volume of 3.8%
sodium citrate. Fibrinogen concentration and prothrombin com-
plex (PT)/international normalized ratio (INR) were also moni-
tored both at baseline and 75 min after trauma.

Platelet Count and Mean Platelet Volume Measurement

Whole blood was 1:10 diluted with PBS. Platelet count and mean
platelet volume (MPV) were measured by the blood cell analyzer
ABX Micros 60 (ABX Diagnostics, Montpellier, France).

Rotational Thromboelastometry

ROTEM® is a viscoelastic method using whole blood collected
in tubes containing 0.129-mol L-1 sodium citrate and analyzed
as recommended by the manufacturer’s instructions ROTEM®
Delta 3000 (GmbH, Munich, Germany). Samples were collected
at baseline and 75 min after trauma. Analyses were performed
within 30 min at a temperature adjusted to the actual rabbit body
temperature. In ROTEM® the coagulation is displayed as
a curve using the EXTEM reagent to illustrate the extrinsic
pathway, the INTEM reagent for the intrinsic pathway and
FIBTEM to show the fibrinogen function. The variables ana-
lyzed were EXTEM and INTEM clotting Time (CT) that indi-
cates the time until a blood clot is initiated, and EXTEM and
FIBTEM Maximum Clot Firmness (MCF) which is a value of
the strength of the clot, with and without the platelet contribu-
tion. ROTEM® platelet is a module added to the device testing
platelet aggregation by a change in impedance, similar to
Multiplate. ROTEM® platelet was used to measure platelet

Figure 1. Timeline of the experimental traumatic hemorrhage model. Minute 0 simulates time of injury; the initial 15-min period simulates the time
after trauma, waiting for transport, the second 15-min period simulates prehospital resuscitation during transportation, and the last 45 min simulates the
initial treatment at the hospital with resuscitation.

778 M. Wannberg et al. Platelets, 2020; 31(6): 777–783



aggregation in whole blood, platelet agonist adenosine dipho-
sphate (ADP), the results were reported as the area under the
curve (AUC) in Ohms*minutes.

Impedance Aggregometry

Impedance aggregometry (Multiplate®; Roche Diagnostics
International Ltd, Switzerland) was used to test platelet function
in whole blood by detecting a change in impedance as an effect of
platelet aggregation on electrodes. Platelet aggregation was mea-
sured in whole blood at baseline and 75 min after trauma.
Samples were prepared according to the manufacturer's recom-
mendation. Platelet agonists were adenosine diphosphate (ADP),
arachidonic acid (ASPI) and collagen (COL). Platelet responses
to agonists were reported as the area under the aggregation curve
(AUC) in units (u).

Flow Cytometry

Flow cytometry analysis of platelets was performed as pre-
viously described in the literature [17,18]. Briefly, 5 µl whole
blood was added to 45 µl Tyrode’s-HEPES buffer containing
appropriately diluted fluorescein isothiocyanate (FITC)–conju-
gated chicken anti-fibrinogen polyclonal antibody (product
#2871; Diapensia HB, Linköping, Sweden) [19] and in the
presence of ADP (0, 0.3, 1, 10 μM, final concentrations). The
samples were incubated for 20 min at room temperature, and
mildly fixed and diluted with 1500 µl 0.5% formaldehyde sal-
ine. Flow cytometric analyses of rabbit platelet activation were
carried out by monitoring platelet fibrinogen binding with
a Beckman-Coulter FC500 flow cytometer (Beckman–Coulter
Corp., Hialeah, FL, USA). Rabbit platelets were gated accord-
ing to their characteristic light scattering signals. The latter is
similar to human platelets that can be confirmed by platelet-
specific marker CD41 (>98% positive; phycoerythrin/PE-
conjugated CD41 monoclonal antibody clone HIP8; BD
Biosciences, San Diego, CA, USA). Platelet fibrinogen binding
was reported as the percentage of positive cells in the total
platelet population.

Statistical Analysis

Data were presented as mean±SEMs if normally distributed;
median and interquartile range (IQR) if non-normally distributed.
Comparisons of platelet parameters before and after trauma were
performed with Student paired t test using Microsoft Excel ®
(Microsoft Corporation; Redmond, WA, USA) and Stata software
(Stata Corp LP, College Station, Texas, USA); repeated measure-
ments ANOVA using GraphPad Prism 5 (GraphPad Software;
San Diego, CA, USA). A P-value less than 0.05 was considered
statistically significant.

Results

All animals (n = 10) completed the experimental traumatic
hemorrhage model procedure, except one animal which died
(rabbit 5) at 45 min after traumatic injury, for which the end
samples were taken immediately at the point of death. Mean
arterial pressure (MAP) was kept around 10 mmHg during the
hemorrhage phase and the end-mean value at 75 min was 9.5 ±
2.1 mmHg (Table 1). The body temperature decreased from 36.2
± 1.3°C at baseline to 29.4 ± 1.1°C at 75 min after hemorrhage
(P < .001).

Hematological Laboratory Parameters

The physiological responses after traumatic hemorrhage included
a rise in lactate from 1.0 ± 0.44 mM to 14.2 ± 3.1 mM (P <
.001), a decrease in base excess from 4.2 ± 2.4 mEq/L to −15.8 ±
3.8 mEq/L (P < .001), and a dropping tendency of pH from 7.45
± 0.005 to 7.33 ± 0.2 (P = .11) (Table 1). Blood calcium levels
were largely unchanged, from a baseline value of 1.58 ± 0.06 to
1.62 ± 0.09 mM (P = .3).

Platelet count decreased from a mean of 244 ± 80.5 x 109/L to
94.1 ± 58.5 x 109/L (P = .005), but mean platelet volume (MPV)
increased from 5.4 ± 0.1 fl to 6.1 ± 0.1 fl (P = .002) (Figure 2).
Changes of platelet count as measured by the blood cell analyzer
ABX Micros 60 were further confirmed by flow cytometric
analyses of platelet event rate reduction (61.5 ± 13.7% by trau-
matic injury, P < .01). Hemoglobin levels decreased from 132 ±
3.1 g/L to 54 ± 6.6 g/L (P = .008) and fibrinogen levels dropped
non-significantly from 1.7 ± 0.05 mg/L to 1.2 ± 0.6 mg/L
(P = .453).

Rotational Thromboelastometry

ROTEM® Fibtem A5 (clot firmness after 5 min) tended to
decrease from 7.6 ± 3.5 mm to 5.1 ± 1.7 mm (P = .16). The
same tendency was measured in ROTEM® Extem A5 with a non-
significant decrease from 36.1 ± 17.5 mm to 26.4 ± 4.7 mm (P =
.15) and in ROTEM® Fibtem MCF from 10.1 ± 5.8 mm to 5.8 ±
0.1 mm (P = .11). A non-significant increase was observed in
clotting time for ROTEM® Intem CT from 208.1 ± 65.7 s to 276
± 34.1 s (P = .06) and no change in ROTEM® Extem CT (50.3
s to 49.8 s; P = .87). ROTEM® Platelet ADP (AUC) tended to
fall from a baseline value of 15.6 ± 10.9 Ohms*minutes to 7.8 ±
4.5 Ohms*minutes (P = .07) 75 min after trauma.

Impedance Aggregometry

A decreased platelet aggregation response was observed for all of the
studied agonists. For ADP stimulation the aggregation decreased from
376 ± 189 u to 152 ± 87 u (P = .008) and aggregation from collagen
stimulation decreased from571±341 u to 178± 91 u (P= .007). Also,
using the ASPI test, aggregation decreased from 473 ± 82 u to 139 ±
89 u (P = .021) (Figure 3).

Table I. Laboratory parameters, blood chemistry, and coagulation status,
at baseline and 75 min after trauma with 40% hemorrhage. Data are
presented as mean and standard deviation. P < .05 was considered
statistically significant.

Baseline
75 minutes after

trauma P-value

Systolic blood pressure
(mmHg)

59.8
(21.3)

17.6 (6.2) <0.001

Mean arterial presssure
(mmHg)

47.5 (17) 9.5 (2.1) <0.001

Temperature (°C) 36.2 (1.3) 29.4 (1.1) <0.001
Mean platelet volume (fL) 5.4 (0.4) 6.1 (0.3) <0.001
Platelet count (109/L) 244.1

(80.5)
94.1 (58.5) 0.005

Fibrinogen (mg/L) 1.7 (0.5) 1.2 (0.6) 0.453
INR 1.0 (0.2) 1.3 (0.2) 0.18
BG-pH 7.5 (0.05) 7.3 (0.21) 0.12
BG-hemoglobin (g/L) 132 (3.14) 54 (6.65) <0.0001
BG-base excess (mEq/L) 4.2 (2.37) −15.8 (3.79) <0.0001
BG-calcium (mM/L) 1.58

(0.06)
1.62 (0.09) 0.3

BG-lactate (mM) 1.0 (0.44) 14.2 (3.14) <0.0001

INR, international normalized ratio; BG, blood gas.
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Platelet Activation as Assessed by Fibrinogen Binding

Figure 4 shows that ADP stimulation-induced dose-dependent
platelet activation. Thus, platelet fibrinogen binding of unstimu-
lated platelets (4.7 ± 1.1%) was elevated to 17.2 ± 4.1% by 1 µM
ADP and further to 36.8 ± 4.8% by 10 µM ADP. ADP-induced
platelet fibrinogen binding was enhanced after trauma (P =
.0177). For example, 10 µM ADP provoked a surge of platelet
fibrinogen binding to 46.8 ± 5.5% in the post-trauma samples
(P < .05).

Discussion

The present study used a rabbit model of experimental traumatic
hemorrhage to evaluate early platelet responses to severe injury.
The physiological response to traumatic injury and shock was
confirmed by acidosis from the blood gases as well as a loss of
temperature and blood pressure. The injury resulted in
a coagulopathy, seen as a longer clotting time and a weaker
blood clot by rotational thromboelastometry. After traumatic
hemorrhage, the platelet count decreased, whilst the mean platelet
volume increased. Platelet aggregation was significantly
decreased as measured with impedance aggregometry and speci-
fic platelet rotational thromboelastometry. However, shown by
flow cytometry, platelet fibrinogen binding evoked by ADP sti-
mulation was increased after the injury.

The present model of experimental multi-trauma mimicked
severe hemorrhagic shock with a consistent physiologic and
metabolic response. Hypothermia, acidosis, and dilution are clas-
sically considered to be the three initiators for traumatic coagulo-
pathy [3,4]. Acidosis correlates with high INR, inhibits thrombin
generation, and increases fibrinogen degradation [4,20]. Although
not statistically significant, decreased fibrinogen and increased
INR indicated the development of TIC in this model. All animals
also reached ROTEM® Extem A5 below 35 mm after traumatic
hemorrhage but the response varied depending on baseline values.

Figure 2. Trauma hemorrhage decreases platelet counts, but increases mean
platelet volume. Platelet counts (panel A) and mean platelet volumes (panel B)
were analyzed. Data plotted are mean±SEM. **P < .01, ***P < .001; n = 10.

Figure 3. Trauma hemorrhage reduces platelet
aggregation as assessed by impedance aggrego-
metry. Platelet agonists were adenosine dipho-
sphate (ADP), arachidonic acid (ASPI), and
collagen (COL).
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From retrospective human studies, TIC has been defined as
a laboratory prothrombin time ratio >1.2 [8,21]. A rotational
thromboelastometry clot amplitude at a 5-min threshold of
<35 mm has shown a detection rate of 77% for acute traumatic
coagulopathy with a false-positive rate of 13% [21]. However, no
consensus statement regarding the clinical presentation of TIC
exists and there are no prospectively validated diagnostic criteria
[22,23]. It may be problematic to translate human TIC criteria to
animal models and we decided not to claim that all these criteria
were fulfilled in this experimental model.

Blood loss resulted in a marked decrease in platelet count. The
mean platelet volume was, however, markedly increased, which
suggests an enhanced and compensatory platelet release from the
bone marrow and the spleen after trauma. In a nonhuman primate
model, platelet count decreased over time after trauma, but no
animals developed thrombocytopenia with platelet count
<100x103/μL.14 In a rat model of hemorrhagic shock, hypocoa-
gulopathy appeared to involve a two-step process of platelet
dysfunction followed by fibrinogen impairment [24]. Post-
trauma platelet counts may have a major clinical impact.
Solomon et al. reported that, among patients admitted to the
emergency room after sustaining a traumatic injury, the median
platelet counts were lower among non-survivors than survivors
(181,000/μl vs. 212,000/μl). Moreover, even mild decreases in
platelet function upon admission were a sign of coagulopathy
and were associated with an increased mortality [9]. There are
many possible factors that may contribute to platelet dysfunction
after traumatic bleeding. Platelet intrinsic factors contribute to the
platelet heterogeneity including size and volume but also age,
levels of membrane receptors, and protein expression profile.
[25] Recently, Ting et al. interestingly measured the contractile
force of platelet aggregates under microfluidic shear gradients for
the detection of platelet dysfunction and monitoring traumatic
bleeding risk. [26]

Platelet functional analyses in the present study showed apparently
contradicting results. Platelet aggregationwas reduced asmeasured by
impedance aggregometry upon stimulation by collagen, ADP, and
ASPI. In contrast, platelet reactivity, as measured by ADP-induced
platelet fibrinogen binding on singular platelets using flow cytometry,
was markedly enhanced after trauma hemorrhage. Indeed, opposite
platelet functional alterations have been reported using different meth-
odologies. Thus, flowcytometricmeasurement of post-trauma platelet

reactivity has been shown to have a higher level of reactivity compared
to controls up to 72 h after trauma with higher levels of activation,
especially during the early hours after trauma[20]. There was also
evidence showing an initial enhancement of platelet function when
measured with a platelet function analyzer (PFA-100). [27] When
platelet reactivity was assessed by impedance aggregometry, Kutcher
et al. reported that nearly 50% of 101 patients with critical injury and
trauma had below-normal platelet response to at least one agonist at
admission and that about 90%of the patients had platelet hypofunction
at some time during their intensive care unit stay [12]. Windeløv et al.
found, however, no significant association between platelet aggrega-
tion response and injury severity score [28]. Therefore, caution should
be taken when interpreting the findings of post-trauma platelet func-
tion as assessed by different methodologies.

Platelet impedance aggregometry monitors the increase of
impedance between the electrodes due to platelet adhesion, for
which platelet concentration in the blood samples is critical.
Thus, the results of reduced platelet aggregation in the present
study and from the literature [12] reflect the reduction of platelet
count in the blood samples, i.e., indicating marked platelet con-
sumption caused by trauma hemorrhage. In contrast, platelet
reactivity measured by flow cytometry depicts platelet function
on single-cell level. Our finding of post-trauma single platelet
hyperreactivity was accompanied by a significant increase of the
mean platelet volume, which indicate platelet releases from their
storage pool of the bone marrow and the spleen and a higher
proportion of young (newly released) platelets in the pool of
circulating platelets [29]. Moreover, the newly released platelets
are known to be associated with platelet hyperreactivity [23].
Together, our data suggest that trauma-induced rapid and signifi-
cant platelet consumption due to the blood loss and hemostatic/
thrombotic processes at the site of trauma and that the trauma
may provoke the compensatory release of platelets from the bone
marrow and the spleen. Therefore, these two closely linked pro-
cesses result in a compensatory platelet hyperreactivity due to
exaggerated platelet mobilization from the storage pool, but can
easily get exhausted because of the low platelet counts. The
present data are in line with an earlier report showing that
major surgical stress during coronary artery bypass surgery can
induce thrombocytopenia, but may also provoke platelet hyper-
reactivity [30].

Our platelet results correlate well with other research groups
studying the more commonly used point-of-care platelet function
tests [9,14,31]. Although the impedance aggregometry methods
give mixed results, our results from flow cytometry may suggest
another mechanism with compensatory platelet reactivity. The
platelet count was decreased but not to the same extent as the
hematocrit. This might be explained by a high level of pooling of
platelets from the bone marrow but still a diluted blood sample
might affect the majority of platelet function tests.

This study was performed using a rabbit model of trauma
hemorrhage with a limited number of animals. It has, therefore,
limitations when it comes to statistical power and generalizability.
However, we believe that this model may well simulate the real
situation with a blunt trauma mechanism, hemorrhage, and
hypothermia. The model uses a timeframe similar to the real
clinical trauma situation; from the time of injury, prehospital
care, and finally early hospital care. The results from the animal
model were reproducible and consistent throughout the experi-
ments. Studies have supported the usefulnessof rabbits as an
animal species for platelet research. Humans and rabbits have
similar platelet counts and fibrinogen levels [32,33]. The fact
that the abdominal aorta was catheterized may have limited
blood flow circulating to the injured femurs, which might have
decreased the effect of the fractures on coagulopathy. The hemor-
rhage is simulated by drawing blood from a central catheter which

Figure 4. Trauma induces platelet hyperreactivity. Platelet fibrinogen
binding was analyzed by whole blood flow cytometry using FITC-
conjugated anti-fibrinogen polyclonal antibody in the absence or presence
of adenosine diphosphate (ADP) stimulation. Data plotted as mean
±SEM; n = 10.
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probably may further limit the effect of tissue damage on the
coagulation. This model uses crystalloids for prehospital resusci-
tation, resulting in a dilution of the circulating blood, which
further enhances coagulopathy. Today, blood products are often
given early in severe hemorrhage but limited crystalloids, espe-
cially in the prehospital setting, are still common in most coun-
tries during the early resuscitation phase.

In conclusion, traumatic hemorrhage decreases platelet counts and
platelet aggregation. On the other hand, the injurymay enhance platelet
mobilization from its storage pool, with larger and more reactive
platelets. This dual pathophysiological response of platelets warrants
further investigation. The study shows the feasibility of the present
experimental traumatic hemorrhage model to study the platelet
response to injury and bleeding. Further studies, both experimental
and human are needed to characterize different aspects of platelet
function in severe traumatic hemorrhage.
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