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after hemorrhage
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Abstract

Background—Severe hemorrhagic shock and resuscitation initiates a dysfunctional systemic
inflammatory response leading to end-organ injury. Clinical evidence supports the transfusion of
high ratios of plasma and packed red blood cells (pRBCSs) in the treatment of hemorrhagic shock.
The effects of resuscitation with different ratios of fresh blood products on inflammation and
organ injury have not yet been characterized.

Materials and Methods—Mice underwent femoral artery cannulation and pressure-controlled
hemorrhage for 60 minutes, then resuscitation with fresh plasma and pRBCs collected from donor
mice. Plasma alone, pRBCs along, and ratios of 2:1, 1:1, and 1:2 plasma:pRBCs were used for
resuscitation strategies. Mice were sacrificed to determine biochemical and hematologic
parameters, serum cytokine concentrations, tissue myeloperoxidase levels, and vascular
permeability.

Results—As compared to other resuscitation strategies, mice resuscitated with pRBCs alone
exhibited increased hemoglobin levels, while other hematologic and biochemical parameters were
not significantly different among groups. Compared to 1:1, mice resuscitated with varying ratios
of plasma:pRBCs exhibited increased cytokine concentrations of KC, MIP-la., and MIP-2, and
increased intestinal and lung myeloperoxidase levels. Mice resuscitated with 1:1 had decreased
vascular permeability in the intestine and lung as compared to other groups.

Conclusions—Resuscitation with a 1:1 ratio of fresh plasma:pRBCs results in decreased
systemic inflammation and attenuated organ injury. These findings support the potential advantage
of transfusing blood products in physiologic ratios to improve the treatment of severe hemorrhagic
shock.
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INTRODUCTION

Despite advancements in trauma care, hemorrhage persists as a leading cause of early death
following severe injury, and new, emerging resuscitation strategies represent a potential
opportunity to further reduce mortality (1). The optimal resuscitative approach for the
treatment of hemorrhagic shock has been recently debated, challenging the role of
conventional crystalloid based resuscitation with the development of damage control
resuscitation strategies. While traditional recommendations call for the initial infusion of
crystalloid followed by blood products (2), this approach may exacerbate inflammation
following shock(3). Recent clinical evidence supports the early transfusion of blood
products in a high ratio of plasma to packed red blood cells (plasma:pRBCs) in patients
sustaining life-threatening hemorrhage (4-7). Borgman, et al. defined the critical ratio of
plasma:pRBCs associated with improved mortality as 1:1.4, compared to those patients
transfused lower ratios of plasma:pRBCs (5). Other studies found mortality differences
between those patients who received ratios of plasma to pRBCs greater or less than 1:1.5 (6,
7). A retrospective review of 16 Level 1 trauma centers found improved survival rates when
a plasma:pRBCs ratio greater than 1:2 was utilized (4). While a high ratio of plasma:pRBCs
appears to be beneficial, the optimal ratio of blood products remains unclear.

The early and increased use of plasma in trauma resuscitation is not without significant
controversy. Criticisms of this strategy include a potential association with acute respiratory
distress syndrome (ARDS) and multiple organ failure (7, 8). While not completely
understood, hemorrhagic shock and subsequent resuscitation are associated with a
dysfunctional systemic inflammatory response and excessive neutrophil activation which
may contribute to these later complications (9, 10). Even with timely control of hemorrhage
and adequate resuscitation, patients may succumb to the sequelae of the systemic
inflammatory response following traumatic injury. While damage control resuscitation may
decrease early deaths from hemorrhagic shock, the ideal fluid strategy should avoid any
iatrogenic resuscitative injury, decreasing the potential for organ failure and mortality.

Although a high ratio of plasma:pRBCs is associated with improved survival clinically, the
effect of varying ratios of blood components on the inflammatory response to hemorrhagic
shock is unknown. In the present study, we sought to determine the effect of transfusing
various ratios of plasma to pRBCs on systemic inflammation and tissue injury following
hemorrhagic shock in mice.

MATERIALS AND METHODS

Animal model

Male C57/BI6 mice weighing 21-30 grams were purchased from Harlan Laboratories
(Indianapolis, IN) fed standard laboratory diet and water ad /ibitum and acclimated for one
week in a climate controlled room with a 12-hour light-dark cycle. All experiments were
approved by the Institutional Animal Care and Use Committee at the University of
Cincinnati.

Hemorrhage model

Mice were anesthetized with intraperitoneal pentobarbital (0.1mg/gram body weight). After
clipping and sterile preparation with povidone-iodine solution and alcohol, the femoral
vessels were exposed. Femoral artery cannulation was performed using tapered polyethylene
catheters connected to pressure transducers for continuous hemodynamic monitoring
(Harvard Apparatus, Holliston, MA). Mice were placed on a circulating water blanket
maintained at 41°C to preserve body temperature and avoid hypothermia. After an initial 10
minute period of equilibration, blood was withdrawn over 3 minutes until a systolic blood
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pressure (SBP) of 25 mmHg was achieved. Mice were maintained at a SBP of 25 + 5 mmHg
for 60 minutes by drawing or administering shed blood volume.

Preparation of additives

Citrate phosphate double dextrose (CP2D; 257.6mmol/L of glucose, 105.0mmol/ L of
citrate-citric acid, 18.5mmol/L of monosodium phosphate, with a pH of 5.7) was prepared as
anticoagulant. AS-3 (Nutricel) (55.5mmol/L of glucose, 70.1mmol/L of sodium chloride,
20mmol/L of sodium phosphate, 12mmol/L of citric acid, and 2.2mmol/L of adenine, with a
pH of 5.8) was used as red cell storage media.

Collection of blood components

Donor male mice were anesthetized with intraperitoneal pentobarbital (0.1mg/gram body
weight). Whole blood was collected via sterile cardiac puncture with needles and syringes
pre-coated with CP2D. CP2D was added to fresh whole blood in a ratio of 1:7, and samples
were gently mixed. Anticoagulated whole blood was centrifuged at 1000xg at 4°C for 15
minutes immediately after collection to separate blood components. The plasma layer was
removed from each sample and pooled prior to transfusion. AS-3 was added in a ratio of 2:9
to the remaining red cells and buffy coat, and samples were gently mixed. Packed red blood
cell (pRBC) samples were pooled, and both plasma and pRBCs were kept warm on a
circulating water blanket prior to transfusion.

Resuscitation

Mice were resuscitated with varying ratios of plasma and pRBCs collected from donor
animals to a target SBP of 80 £ 5 mmHg. Mice were transfused with plasma alone, pRBCs
alone, or ratios of plasma to pRBCs of 2:1, 1:1, or 1:2. To ensure adequate resuscitation,
mice were monitored for fifteen minutes, then decannulated and sacrificed at intervals.
Sham animals underwent identical femoral arterial cannulation and monitoring for 90
minutes, but were neither hemorrhaged nor resuscitated. The total period of shock and
resuscitation was based on a previous study suggesting that this time point allows optimal
examination of the inflammatory response to shock and resuscitation (3).

Hematologic and Biochemical Parameters

Thirty minutes after decannulation, blood was drawn from mice via the left ventricle and
was immediately analyzed. The following parameters were assayed on each sample: pH,
base excess, bicarbonate, lactate, sodium, potassium, and hemoglobin (I-STAT 1 Analyzer,
Heska, Loveland, CO).

Cytokine Analysis

Blood was collected via cardiac puncture at 30 minutes following decannulation. Plasma
samples were allowed to clot and were centrifuged at 6,800xg to separate the serum from
cellular components. ELISA was performed for the following serum chemokines and
cytokines: macrophage inflammatory protein-la. (MIP-la)), macrophage inflammatory
protein-2 (MIP-2), and keratinocyte derived chemokine (KC), (Quansys Biosciences, Logan,
uT).

Myeloperoxidase Activity

Thirty minutes after resuscitation and following exsanguination, intestine, and lung samples
were harvested. Whole lung myeloperoxidase (MPO) activity was determined using
methods previously described (11). 100 mg of tissue were homogenized and diluted in
50mM potassium phosphate buffer with 0.5% hexadecyltrimethylammonium bromide, pH
6.0. Following sonication and two freeze-thaw cycles, samples were centrifuged at 12,000xg
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for 5 minutes. The supernatants were reacted with a H,O, (0.3mM) solution containing
tetramethylbenzidine (1.6mM). MPO activity was determined against a standard absorbance
curve. Protein concentrations were quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL) and MPO activity was expressed in units/gram protein.

Vascular Permeability

Statistics

RESULTS

After resuscitation but prior to decannulation, 20mg/kg body weight of 4% Evans Blue
(Sigma, St. Louis, MO) was injected via the femoral line. After 30 minutes of circulation,
animals underwent laparotomy and sternotomy. A needle was inserted into the beating right
ventricle and the superior vena cava was divided sharply below the diaphragm. The
intravascular space was flushed with 10 mL of heparinized phosphate buffered saline (20
units heparin/mL PBS) at a continual rate of 3 mL/min using a perfusion pump. The ileum,
colon, and lung were harvested, washed in heparinized PBS, and placed in 100mg/mL of
formamide (Sigma, St. Louis, MO). All samples were incubated at 37°C for 7 days. Evans
Blue concentration in each sample was determined by measuring the absorbance at 620 nm
against a standard curve.

Results are reported as the mean plus or minus standard error of the mean (SEM). Two-
tailed Student ¢test or analysis of variance (ANOVA) with Tukey’s test was used where
appropriate to determine significance. Statistical analysis was performed using SigmaPlot 10
software (Systat Software, Chicago, IL). p values less than or equal to 0.05 were determined
to be significant.

Mean systolic blood pressure (SBP) was not different among groups of mice resuscitated
with varying ratios of blood products during the initial equilibration, hemorrhagic shock, or
resuscitation periods (Figure 1). The mean SBP of all hemorrhaged groups were
significantly different from sham animals during hemorrhage, but did not differ significantly
from sham mice at the end of resuscitation (Figure 1). Neither the shed blood volume nor the
volume required to resuscitate to the target SBP were significantly different between groups
of hemorrhaged animals (Figure 2). This data indicates that the different resuscitation
strategies utilized here did not significantly differ in their hemodynamic effects.

Mice resuscitated with plasma alone exhibited lower hemoglobin levels compared to mice
resuscitated with only pRBCs or a 1:2 ratio of plasma:pRBCs (Table 1). In addition, mice
resuscitated with a 1:1 ratio of plasma:pRBCs demonstrated lower hemoglobin levels
compared to mice resuscitated with pRBCs alone or a 1:2 ratio of plasma:pRBCs (Table 1).
No differences were seen among any resuscitation strategy in bicarbonate, lactate, sodium,
or potassium levels drawn from mice 30 minutes after resuscitation (Table 1). While no
differences were seen in base excess, mice resuscitated with plasma alone were slightly
more alkalotic as determined by pH compared to all other groups (Table 1).

When we evaluated the circulating levels of proinflammatory cytokines after shock, we
found that mice resuscitated with a 1:1 ratio of plasma:pRBCs exhibited decreased levels of
macrophage inflammatory protein-la (MIP-la), compared to mice resuscitated with either
plasma or pRBCs alone (Figure 3A). Compared to all other groups, mice resuscitated with a
1:1 ratio of plasma:pRBCs demonstrated significantly lower serum levels of macrophage
inflammatory protein-2 (MIP-2; Figure 3B). Mice resuscitated with a 1:1 ratio of
plasma:pRBCs exhibited decreased levels of keratinocyte-derived chemokine (KC)
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compared to mice resuscitated with pRBCs alone, or a 1:2 ratio of plasma:pRBCs (Figure
3C).

Recruitment of neutrophils into intestine and lung was determined by tissue
myeloperoxidase activity. Although not statistically significant, mice resuscitated with
plasma alone displayed a trend of increased MPO activity in the ileum compared to mice
resuscitated with a 1:1 ratio of plasma:pRBCs (Figure 4A). Compared to mice resuscitated
with a 1:1 ratio of plasma:pRBCs, mice resuscitated with plasma alone exhibited increased
MPO activity in the colon (Figure 4B). Mice resuscitated with pRBCs alone demonstrated
increased MPO activity in the lung compared to mice resuscitated with a 1:1 ratio of
plasma:pRBCs (Figure 4C).

To assess the level of microvascular permeability present in the intestine and lung, tissue
leakage of Evans Blue was determined. Ileum and colon samples harvested from mice
transfused with a 1:1 ratio of plasma:pRBCs showed significantly decreased vascular
permeability compared to mice resuscitated with plasma alone (Figure 5A and 5B).
Compared to mice resuscitated with pRBCs alone, mice treated with a 1:1 ratio of
plasma:pRBCs showed decreased pulmonary vascular leak (Figure 5C).

DISCUSSION

In the present study, we evaluated the effects of transfusing different ratios of fresh blood
products on the early inflammatory response following hemorrhagic shock. The
conventional strategy of resuscitation from hemorrhagic shock, extrapolated from Shires’
initial work supporting the use of isotonic salt solutions (12), has since been shown to
exacerbate the inflammatory response to hemorrhage and is associated with increased
mortality (3). With the advent of damage control resuscitation strategies utilizing high ratios
of plasma:pRBCs, retrospective evidence supports a survival advantage to increased use of
ratios of plasma to red blood cells (4-7). These findings are based on clinical experience,
without prior assessment of the pro- or anti-inflammatory effects of transfusing a high ratio
of plasma:pRBCs In this series of experiments, we sought to characterize how the
inflammatory response to hemorrhage is modulated by different ratios of blood products,
and to determine the optimal ratio for resuscitation from severe hemorrhagic shock from this
aspect.

Organ injury following trauma and hemorrhagic shock is associated with systemic and
localized inflammation, accumulation of activated neutrophils, and increased microvascular
permeability (13). Chemokines including IL-8 and macrophage inflammatory protein-la
(MIP-la) have been shown to play crucial roles in regulating neutrophil migration in human
and animal injury models (14-16). An initial injury such as hemorrhage may lead to the
activation and extravasation of neutrophils and other inflammatory cells into tissues,
rendering these organs vulnerable to secondary insults(17). Theoretically, a resuscitation
strategy which minimizes excessive chemokine expression and neutrophil recruitment may
decrease susceptibility to organ dysfunction and injury following hemorrhagic shock.

IL-8 is a human chemokine increased in plasma and lung tissue in patients with
inflammatory pulmonary diseases including adult respiratory distress syndrome (ARDS)
(18, 19). Increased levels of IL-8 have been isolated in bronchoalveolar lavage samples in
patients with acute lung injury (20), and blockage of IL-8 has reduced neutrophil-mediated
reperfusion injury in the lung in a rabbit model (21). While no identical chemokine exists in
mice, keratinocyte-derived chemokine (KC) and macrophage inflammatory protein-2
(MIP-2) are murine homologues of human IL-8, with divergent roles in mediating
inflammation (22). In a two-hit model of hemorrhagic shock followed by sepsis, antibody
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neutralization of MIP-2 resulted in decreased MPO activity and less histologic injury in the
lung (16). Intra-tracheal anti-MIP-2 decreased pulmonary vascular permeability and
neutrophil influx in a model of immune complex mediated alveolitis (23). In a murine model
of traumatic injury and hemorrhage, blockade of KC was associated with decreased MPO
activity in the liver and lung, as well as decreased organ edema (24). Similarly, in this study,
resuscitation with a 1:1 ratio of plasma:pRBCs demonstrated a marked reduction in MIP-2
levels, which correlated with reduced MPO activity and decreased vascular leak in an organ-
specific manner.

MIP-1a belongs to the subfamily of C-C chemokines (25). This family of chemokines is
vitally important in attracting cells of monocyte/macrophage lineage to sites of injury, as
opposed to neutrophil recruitment (26). More recent evidence, however, has found that
MIP-1a is both a potent autocrine stimulator of macrophages, as well as an essential
chemoattractant of polymorphonuclear cells (PMNSs) (14). In a rat model of lung injury,
these two important roles of MIP-la were delineated. Neutralization of MIP-la decreased
production of inflammatory cytokines by macrophages and neutrophil chemotaxis to the
lung, with improved pulmonary vascular permeability (14). In second animal model of
hemorrhagic shock,, MIP-la deficient mice exhibited less cytokine production, tissue
edema, and neutrophil infiltration compared to wild type mice (27). In our model, we
achieved a reduction in MIP-la levels with decreased neutrophil activity and improved
vascular leak by transfusing a physiologic ratio of fresh blood products in a 1:1 fashion.

Hemorrhagic shock alone can serve as an initial priming event to activate neutrophils (16),
rendering organs susceptible to subsequent tissue injury. Activation, migration, and
translocation of PMNSs to sites of injury may then increase oxidative damage to the tissues,
causing edema and increased capillary permeability (28). In the present study, we found that
the use of varying ratios of pRBCs: plasma for resuscitation led to variations in neutrophil
accumulation in colon and lung. Resuscitation with purely plasma resulted in the greatest
neutrophil accumulation in colon and resuscitation with pRBCs alone resulted in increased
neutrophil accumulation in lung. These data suggest that the inflammatory response to
hemorrhage and resuscitation as well as the resulting cellular injury and release of
chemoattractants varies among organs as well as with resuscitation strategy.

If mediated by neutrophils, chemoattractants including KC, MIP-2, and MIP-la may play
vital roles in organ injury following hemorrhage. Our data suggest that damage control
resuscitation strategies used to treat hemorrhagic shock may several advantages over more
traditional resuscitation strategies. Transfusion of a 1:1 ratio of plasma: pRBCs may prove
to modulate the inflammatory response, reducing neutrophil recruitment to the intestine and
lung and subsequently minimizing organ injury. In this series of experiments, we showed
that transfusion ratios other than a 1:1 ratio of plasma: pRBCs during resuscitation from
hemorrhagic shock increased systemic levels of vital neutrophil chemoattractants, tissue
neutrophil accumulation, and vascular leak in vital organs.

Our data are not without limitations. Damage control resuscitation protocols typically
involve the use of at least a small amount of crystalloid fluid in addition to blood and blood
products. Our previous experiments indicate that the use of crystalloid fluids, specifically
lactated Ringer’s solution, increases the inflammatory response during resuscitation (3). In
the present experiments, we excluded all crystalloid fluids in order to allow us to directly
examine the effects of varying ratios of packed red blood cells to plasma on the
inflammatory response.

Clinically, most traumatic injuries involve both hemorrhage and tissue injury. In the
experimental setting, the addition of tissue injury to hemorrhage alters the inflammatory
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response ((29); Makley et al, unpublished observations 2009). In the present study, we
utilized a pure model of severe hemorrhage in order to allow us to evaluate different damage
control resuscitation strategies on the inflammatory response to blood loss without the
potential confounding factor of additional tissue trauma. Thus, our results should not be over
interpreted. Further experiments utilizing varied models of hemorrhagic shock as well as
combined hemorrhage and soft tissue injury models will be important in order to address the
effect of varying ratios of plasma: pRBCs under these circumstances.

In conclusion, recent retrospective evidence supports a survival advantage and decreased
organ injury when a high ratio of plasma:pRBCs are transfused in the setting of severe
hemorrhagic shock. The current study suggest that “damage control resuscitation” with a 1:1
ratio of plasma to pRBCs results in diminished systemic inflammation compared to other
ratios. The precise mechanism(s) by which this particular ratio of products limits
inflammation remains to be determined, but our data suggest that the benefits of damage
control resuscitation extend beyond its ability to correct defects in coagulation.
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Figure 1.

Systolic blood pressure (SBP) of mice undergoing hemorrhage and resuscitation with
plasma, packed red blood cells (pRBCs), and ratios or plasma to pRBCs including 2:1, 1:1,
and 1:2 compared to sham mice. *p<0.001 vs. other groups, n=20 for each group.
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Figure 2.

Shed blood volume and resuscitation fluid volume for mice resuscitated with plasma,
pRBCs, and plasma:pRBCs ratios of 2:1, 1:1, and 1:2. No significant differences were seen
between groups, n=20 for each group.
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Serum levels of MIP-la, MIP-2, and KC after hemorrhage and resuscitation with plasma
alone, pRBCs along, and plasma combined with pRBCs in ratios of 2:1, 1:1, and 1:2.
*p<0.05 vs. plasma alone, #p<0.05 vs. pRBCs alone, ##p<0.05 vs. 1:2 ratio of
plasma:pRBCs, **p<0.05 vs. all other groups
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Figure4.

Myeloperoxidase levels (MPO) of ileum, colon, and lung after hemorrhage and resuscitation
with plasma, 1:1, or pRBCs 30minutes after resuscitation. **p<0.05 vs. all other groups.
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Figureb5.
Concentration of Evans Blue in ileum, colon, and lung after hemorrhage and resuscitation
with plasma, 2:1, 1:1, 1:2, and pRBCs. *p<0.05 vs. plasma. #p<0.05 vs. pRBCs.
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