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Abstract (English) 

Multiple organ dysfunction is the most common cause of late mortality in 
trauma patients. Despite adequate resuscitation, hemorrhagic shock may 
progress to a state of profound systemic inflammation where the 
polymorphonuclear neutrophil (PMN) plays a key role. Resuscitation with 
hypertonie saline (HTS) may modulate the host inflammatory response in 
hemorrhagic shock. 

A murine hemorrhagic shock model evaluated by cremaster intravital 
microscopy demonstrated significant in vivo atlenuation of neutrophil rolling and 
adhesion to endothelium (EC) immediately after resuscitation with HTS, as 
compared to Ringer's lactate (RL). Concurrently, macromolecular leakage from 
the same post capillary venules was 45% lower in HTS animais. 

To betler simulate clinical conditions, the model was transformed to 
recreate two-hit conditions by subjecting resuscitated animais to a subsequent 
mimicked pulmonary infection. Attenuated neutrophil adhesion to endothelium in 
HTS animais persisted 5 and 22 hours after resuscitation. Additionally, 
compared to RL, HTS resuscitation reduced neutrophil lung sequestration (by the 
myeloperoxidase assay) and neutrophil lung transmigration (by histologie 
analysis) one day after resuscitation. HTS resuscitation also tended to improve 
cremaster and lung histologie in jury a day after resuscitation conferring a 50% 
survival advantage for that time interval. 

To determine if reductions in tissue in jury were due to the ability of HTS to 
functionally block neutrophil adhesion to endothelium, another variation to the 
two-hit model was developed. Two additional groups were added to evaluate if 
supplementation of standard fluid resuscitation with anti adhesion monoclonal 
antibodies (anti-CD11 band anti-ICAM-1) would reproduce the effects of HTS 
alone. Although early EC/PMN interactions and 24-hour lung PMN accumulation 
were similarly atlenuated by either HTS alone or RL with anti adhesion blockade, 
only HTS alone definitely reduced early in vivo macromolecule leakage, and one 
day lung histologie in jury. 

Hemorrhagic shock resuscitation with hypertonie saline reduces 
neutrophil activation and interactions with microvascular endothelium resulting in 
diminished lung PMN sequestration persisting weil beyond the initial resuscitation 
phase. Yet the anti-adhesive effects of HTS are not essential for HTS-mediated 
reductions in tissue in jury and organ dysfunction. Hypertonie resuscitation may 
prove to be an immunomodulatory therapy useful in critically ill trauma victims, 
the precise mechanisms of which need further elucidation. 
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Abstract (French) 
Les patients hospitalisés pour traumatismes multiples sont à risque de 

succomber au Syndrome de Défaillance Multiviscérale (DMV). Malgré une 
réanimation isotonique adéquate, le choc hémorragique peut déclancher un état 
d'inflammation systémique pouvant mener au DMV, où, croit-on, le polynucléaire 
neutrophile (PNN) joue un rôle clé. Le salin hypertonique (SHT) utilisé pour fins 
de réanimation amoindrit l'activation du PNN, tout en atténuant la production de 
médiateurs inflammatoires et sa libération d'intermédiaires toxiques. 

Nous avons établi un modèle où des rongeurs en choc hémorragique ont 
été réanimés soit par un régime conventionnel de lactate de Ringer (LR), soit 
avec 4 ml/kg de SHT. À l'aide de microscopie intravitale on observe chez les 
animaux réanimés au SHT une forte baisse du taux de roulement et d'adhérence 
de PNNs à la paroi de vénules post-capillaires. De plus, la paroi vénulaire de ces 
mêmes animaux démontre une fuite macromoléculaire qui est moins de 50% 
celle de constatée avec le LR. La réanimation au SHT entraîne donc une 
diminution d'intéractions neutrophile-endothéliales (INE) associées avec une 
réduction de la perméabilité vasculaire. 

Pour mieux simuler les conditions cliniques nous élaborons un modèle 
plus complexe avec double atteinte à l'appareil immunitaire en subjuguant les 
animaux réanimés à une infection pulmonaire quelques heures plus tard. Dans 
ces nouvelles conditions on remarque une persistance de la diminution des INE 
jusqu'a 22 heures après la réanimation avec le SHT. En outre, l'histologie et 
l'analyse de myéloperoxidase démontrent que le LR occasionne une 
séquestration considérable de neutrophiles au parenchyme pulmonaire lors du 
même délai, ce qui est réduit significativement par le SHT. Du reste, le SHT 
entraîne une réduction nette du taux de mortalité tout en améliorant le dommage 
histologique induit au tissu pulmonaire et crémastérique. 

Nous apportons alors une nouvelle altération au modèle animal afin de 
mieux déterminer si le mécanisme responsable de l'avantage du SHT est 
principalement relié à ses effets anti-adhésifs sur les PNNs. Aux deux groupes 
initiaux de simple réanimation avec le LR ou le SHT on ajoute deux nouveaux 
groupes expérimentaux où ces mêmes régimes sont supplémentés d'anticorps 
bloqueurs du CD11 b et de l'ICAM-1, récepteurs responsables pour l'adhésion du 
PNN à l'endothélium. Comme anticipé, les INE et la séquestration pulmonaire 
de PNNs sont atténuées par le LR supplémenté d'anticorps comme par le SHT 
seul. Toutefois, seul le SHT réduit définitivement la perméabilité vasculaire et le 
dommage pulmonaire histologique après 24 heures. Le LR même supplémenté 
d'anticorps contre l'adhésion semble, au contraire, augmenter le dommage 
pulmonaire après la réanimation. 

La réanimation du choc hémorragique par salin hypertonique réduit 
l'activation du neutrophile et ses interactions avec l'endothélium. Ceci entraîne 
une résistance à la séquestration pulmonaire de neutrophiles qui persiste au-delà 
de la phase post-réanimatrice. Néanmoins, ces effets anti-adhésifs du SHT ne 
semblent pas être responsables de la réduction du dommage pulmonaire 
observé avec LR. En conclusion, le salin hypertonique pourrait servir 
d'immunomodulateur réduisant l'inflammation systémique et la dysfonction 
organique occasionnée chez certains multitraumatisés en choc hémorragique. 
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Introduction and Review of the Literature 

1.1 Foreword 

ln recent years, institutions caring for sick patients have been looking after an 

increasingly ill population. Today's intensive care units commonly treat critically unstable 

patients, harboring various failing organ systems that, only decades ago, would have 

resulted in the patient's demise. Such patients are now surviving as a consequence of 

major advancements in intensive and post-anaesthsesia care 1.2. Nonetheless, 

contemporary intensive care units around the world still contend with a significant 

mortality, much of which is attributed to multiple organ dysfunction syndrome (MODS), a 

progressive systemic inflammatory condition displaying various organ systems which fail 

in unison or in succession3
. 

Resuscitated hemorrhagic shock, one of the conditions able ta lead patients to 

MODS, has been studied and discussed in medical and scientific circles since antiquitl. 

Throughout history, major therapeutic advancements in the treatment and management 

of hemorrhagic shock were acquired in times of war and conflict, primarily since the 1 i h 

century5. A key immune system participant in the progression of hemorrhagic shock to 

MODS is the polymorphonuclear neutrophil (PMN), an essential constituent of the host 

immune response. Longstanding widespread scientific interest in neutrophil structure 

and function may be explained in part by the cell's paradoxical nature. On one hand, it is 

the first and most abundant member of the host's innate immune response and is 

indispensable in protecting the host from invading pathogens such as bacteria and fungi. 

Indeed, mild derangements in neutrophil function result in serious impairment to host 

immunity manifested clinically as recurrent life-threatening infections. On the other hand, 

the neutrophil may produce lethal tissue in jury resulting in unrelenting systemic 

inflammation and organ dysfunction6
. In the last half century, researchers have exposed 

several lines of evidence demonstrating the neutrophil's pivotai role in systemic 
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inflammation resulting in host tissue in jury. It is in the microcirculation, and more 

importantly in the post capillary venule (PCV) that close interactions between neutrophils 

and endothelial cells (ECs) are believed to initiate the process of global inflammation. 

Interestingly, research in the specific pathophysiology of resuscitated 

hemorrhagic shock has implicated the neutrophil as a prime accessory in host 

progression to MODS. Indeed, while fluid resuscitation is the only life-saving therapy of 

hemorrhagic shock, it may also contribute to worsening neutrophil mediated tissue in jury. 

The nature and quantity of resuscitation regimens have been shown to considerably 

modulate deranged neutrophil function after resuscitated hemorrhagic shock. Hypertonic 

saline (HTS), a sodium chloride solution hypertonic and hyperosmolar to plasma is not 

only safe and efficacious in the resuscitation of shock, but additionally possesses 

immune modulating abilities shown to attenuate organ-Ievel in jury. 

These immune altering qualities of HTS hold profound implications in the long 

and mostly unsuccessful search for the ideal treatment of hemorrhagic shock. 

Furthermore, these effects hold great promise in eventually reducing MODS-related 

mortality in resuscitated trauma victims. The present work will hopefully contribute to 

further elucidate the immunomodulating characteristics of hypertonie saline in shock, 

particularly through the exploration of its in vivo effects and the consequences of 

neutrophil mediated in jury at the organ level. 

1.2 Neutrophils, Endothelium and their Physiological Interactions 

1.2.1 The Polymorphonuclear Neutrophil 

The polymorphonuclear neutrophil is likely the most extensively studied cell of the 

host inflammatory response. It is the principal circulating phagocyte, a member of the 

innate immune system released first and most abundantly in response to host in jury or 

insult. Rapidly detecting signs of tissue in jury or microbial assault, the neutrophil 
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responds by moving away from its quiescent circulatory environ ment, crossing the 

vascular endothelial monolayer and migrating to the site of in jury or invasion. Once 

there, the PMN may destroy foreign particles through phagocytosis or the release of an 

impressive assortment of cytotoxic mediators. Even mild derangements in neutrophil 

immune function may result in recurrent life-threatening illnesses. 

On the other hand, neutrophil cytotoxic abilities may also cause inadvertent host 

tissue in jury by the inappropriate intravascular release of byproducts capable of 

producing noxious effects remote from the area of in jury or invasion. Thus, 'the double 

edge sword' nature of PMNs: essential for host defence but also capable of causing its 

demise. 

The PMN originates from pluripotent progenitor stem cells that develop into the 

myeloid lineage; from promyeloblast, to myeloblast, to myelocyte, and to 

metamyelocyte7
. These myelocytic differentiations occur in the bone marrow phase of 

the PMN life cycle which ends as the mature neutrophil is released into the circulation. 

Maturation of the neutrophil in the bone marrow phase takes twelve to sixteen days 

culminating in the release of 108 to 1011 cells into the circulation per dal. Myeloid 

differentiation is mediated by a variety of growth factors, most notably 

granulocyte/macrophage colony stimulating factor (GM-CSF) and granulocyte colony 

stimulating factor (G-CSF). Alterations in these and other marrow growth factors results 

in variations in the production of PMNs allowing increases of more than ten fold during 

the host stress response8
. After release fram the bone marraw, the mature PMN enters 

the circulating phase, reversibly moving from the circulating and marginating pools. The 

PMN's circulating phase half-life is 6 to 9 hours. The much larger marginating PMN pool 

comprises the majority of intravascular PMNs which are 'stored' in the microcirculation of 

certain organs such as the lung, capable through its narrow capillary beds, to 'trap' 

passing neutrophils9
. The marginated PMN pool is rapidly mobilized in response to host 
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in jury or insult. In humans, neutrophils comprise more than 90% the circulating 

phagocytes and maintain a relatively stable count of 3000 to 4000 cells/mm3 in 

physiologic conditions 10. To enter the final 'tissue' phase, PMNs must undergo a series 

of interactions with endothelial cells (ECs) in order to move extravascularly. 

1.2.2 The Endothelium 

For a long time, the cellular lining of blood vessels or endothelium, was believed 

to be an inert bystander to the intricate events occurring in the circulatory and interstitial 

milieu. Extensive research on endothelial cel! structure and function has revealed its far

reaching metabolic and homeostatic functions. The endothelial monolayer separating 

the vascular lumen from smooth muscle cells of the vessel wall is capable of transducing 

blood-borne signais, sense mechanical shear forces within the lumen, control vascular 

permeability, regulate vascular tone and blood flow and interact with other cellular 

elements of the circulation 11. The endothelial cell's ability to react to various activating or 

inhibiting signais brings about its secretion of an assortment of mediators, cytokines and 

other substances that have a profound effect on local and systemic physiology and 

pathophysiology. Nitric oxide (NO), for example, is released by endothelial cells after 

activation by different stimuli and is a key mediator in the relaxation of muscular smooth 

muscle resulting in vasodilatation 12. The effects of NO extend beyond regulation of 

vascular tone, and include inhibition of platelet aggregation and adhesion, scavenging of 

reactive oxygen species (ROS), maintenance of normal vascular permeability, inhibition 

of smooth muscle proliferation, stimulation of endothelial ce Il regeneration and 

attenuation of leukocyte adherence 13.14. Endothelial derived prostaglandins such as 

prostacyclin (PGI2) are also important vasodilators involved in vascular in jury and repair, 

similarly affecting platelet function 12. Conversely, endothelial cells also secrete potent 

vasoconstrictors such as platelet activating factor (PAF), endothelin-1, thromboxane A2 
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(TBXA2) and others. The regulation of vasoconstrictor and vasodilator secretion allows 

endothelial cells to precisely and exquisitely control vascular tone. The endothelium is 

also an ideal regulator of hemostasis, able to transform itself from a potent 

antithrombotic to a prothrombotic surface '2. This hemostatic versatility permits rapid 

conformational change to accommodate mechanical damage or activation of endothelial 

cells by agents such as cytokines, endotoxin, hypoxia, or hemodynamic forces". As 

barrier cells separating the intravascular and tissue compartments, endothelial cells 

possess surface adhesion molecules that interact with ligands and counterreceptors on 

other cells, most notably PMNs, to allow their passage through the vessel wall; a process 

termed transmigration. 

1.2.3 Neutrophil/endotheliallnteractions 

1.2.3.1 PMN Rolling and Selectins 

PMN passage to areas of in jury is a key step to an adequate host immune 

response. Occurring mostly in post capillary venules, it involves a series of discrete 

interactions with endothelial cells. The first phase involves the margination of circulating 

neutrophils to the periphery of the vessel wall. This occurs when the PCV diameter is 

50% larger than the diameter of the neutrophil and erythrocytes which are moving faster 

than leukocytes at the center of the vessel push leukocytes to the periphery'5. The 

resultant proximity between neutrophils and endothelial cells allows for adhesive 

interactions to occur between their surface receptors. These weak initial interactions 

occurring primarily between surface selectins (L, E and p)'6 slow marginated neutrophils, 

and impart on them a rolling motion. PMN 'rolling' ability is also dependent on vascular 

rheologic forces, which are directly proportional to erythrocyte velocity and vascular 

shear stress 17. 
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Selectins are a family of glycoprotein adhesion molecules found on the surface of 

leukocytes (L-selectin), endothelial cells (E-selectin, P-selectin), and platelets (P

selectin). PMN L-selectin is inherently expressed on the surface of ail quiescent 

leukocytes (except sorne populations of lymphocytes), and, depending on the degree of 

cellular activation, is either upregulated or shed by cleavage at the cell surface to its 

soluble form (sL-selectin)18. To induce neutrophil rolling, PMN L-selectin forms a weak 

bond with syalylated Lewis (SLeX
) carbohydrate determinants on the surface of the EC16. 

Endothelial P-selectin is also involved in neutrophil rolling by binding P-selectin 

glycoprotein ligand-1 (PSGL-1), a carbohydrate complex expressed by PMN, which also 

contains Slex determinants 19. Blocking L or P-selectin in animais using a selectin binding 

carbohydrate (fucoidin) decreases in vivo neutrophil rolling following local insults20. 

Likewise, the use of specifie monoclonal antibodies against selectins also reduce PMN 

rolling 21 .22
. Furthermore, L-and P-selectin gene deficient mice demonstrate diminished 

rolling following activation22.23. 

1.2.3.2 PMN Adhesion, Integrins and the Immunoglobulin Superfamily 

The weak selectin-mediated interactions causing neutrophil rolling on 

endothelium are believed to be a prerequisite for the stronger more permanent 

interactions that follow. In particular, neutrophil adherence to endothelium follows rolling 

and is largely mediated by PMN 13rintegrins (CD18/CD11) which elaborate high affinity 

bonds with endothelial surface receptors of the immunoglobulin (Ig) superfamily 

(intercellular adhesion molecule -1 [ICAM-1], ICAM-2). Integrins are a family of 

transmembrane heterodimeric proteins located on the cell surface which consist of a and 

13 subunits. 132 integrins are restricted to leukocytes and are essential to their normal 

trafficking. They are classified by their various a subunit isoforms (CD11 a, CD11 b, 
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CD11 c), each of which can be upregulated depending upon the given conditions of 

neutrophil activation24. Enhanced CD11 expression has been demonstrated in 

neutrophils activated by various substances including N-formyl-methionyl-Ieucyl

phenylalanine (fMLP), C5a, tumor necrosis factor-a (TNF-a), and other cytokines25. 

Endothelial ICAMs are also transmembrane polypeptides classified by five constant 

region C2 domains belonging to a given Ig superfamil/6
. Both endothelial ICAM-1 and 

ICAM-2 bind PMN surface [32 integrins resulting in firm adhesion of the two cells. Several 

stimuli cause the upregulation of constitutively expressed surface ICAMs including 

endotoxin, IL-1 and TNF_a27.28. Monoclonal blockade against CD18/CD11 or ICAM-1 

has demonstrated diminished neutrophil adherence to endothelium27.29.30. As weil, CD18 

and ICAM-1 gene knock-out animais also demonstrate diminished neutrophil adhesion to 

their endothelium31 -33
. 

Integrin mediated neutrophil adhesion to endothelium appears to be essential for 

host defence; a principle weil illustrated in patients with Leukocyte Adhesion Deficiency-1 

(LAD-1). Afflicted patients have a mutation of the CD18 integrin gene and are found to 

develop lethal bacterial infections early in life, as their neutrophils are unable to reach 

sites of infection34. On the other hand, numerous experiments using neutralizing 

monoclonal antibody blockade against [3-integrins and/or ICAMs have demonstrated 

attenuated neutrophil mediated in jury in models of allograft rejection, endotoxin 

challenge, hemorrhagic shock, ischemia/reperfusion and acute lung injury35. Thus, while 

neutrophil adhesion to endothelium is a key step for appropriate leukocyte trafficking, it is 

also an important mediator of tissue in jury from systemic inflammation. Once the 

neutrophil is firmly adherent, it is able to transmigrate through the endothelial monolayer 

in order to reach the area of tissue in jury or invasion. 
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1.2.3.3 PMN Transmigration and Directed Migration 

PMN transmigration involves diapedesis, a process whereby neutrophils extend 

pseudopods through the narrow passages between endothelial cells, which carries the 

leukocyte through the endothelial monolayer36
. Gaps between endothelial cells are 

poorly described but have been noted to widen following different stimuli. An in vitro 

model has demonstrated that adherence of neutrophils to endothelium results in 

disruptions of EC cell-cell interactions, augmenting endothelial ce Il permeability37. 

Electron microscopy suggests this process occurs at EC tri-cellular corners, where three 

adjacent endothelial cells are in contace8
. Several leukocyte and endothelial adhesion 

molecules are involved in the process of diapedesis most notably platelet-endothelial cell 

adhesion molecule-1 (PECAM-1). PECAM-1 is concentrated in the lateral borders of 

endothelial cells as weil as on the surface of leukocytes and platelets39
,40. Blockade of 

PECAM-1 with monoclonal antibodies results in increased numbers of adherent 

neutrophils unable to undergo diapedesis41
,42. Adhesion molecules responsible for other 

neutrophil interactions with endothelium also appear to govern neutrophil diapedesis and 

transmigration. In different animal inflammatory models, leukocyte emigration through 

the vessel wall was significantly reduced with monoclonal antibodies to CD18, CD11b, 

ICAM-1 and L-selectin30
,43. Once transmigrated into the interstitial milieu PMNs migrate 

down chemotactic gradients to the given area of infection or in jury in order to destroy 

unwanted substances and organisms. 

1.2.3.4 PMN Degranulation. Phagocytosis and Cytotoxicity 

Polymorphonuclear neutrophils are capable of destroying invading or discarded 

substances in two ways: phagocytosis or cytotoxic release of toxic products for 
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destruction in situ. Phagocytosis is triggered when unrecognized substances come in 

contact with neutrophils through antigenic or opsonin surface presentation. The principal 

opsonins are complement fragments and antibodies. The neutrophil ingests the 

presented substance by invaginating its cell membrane and engulfing it, incorporating it 

into a phagocytic vesicle or phagosome. The destruction of engulfed substances then 

occurs through degranulation or fusion of lysosomes containing enzymes and reactive 

oxygen species to the phagosome itself resulting in the formation of a phagolysosome. 

Degranulation may also occur when lysosomes fuse with the plasma membrane 

resulting in the release of contents to the outside environment. Cytotoxic degranulation 

to the extracellular milieu is thus the second manner by which neutrophils can destroy 

adjacent unwanted substances. However, as this process is not contained, it may 

inadvertently result in nearby host tissue in jury. 

The microbicidal substances released by degranulating PMNs are divided into 

two categories: proteolytic enzymes and reactive oxygen species (ROS)44. Enzymes 

including mostly proteinases such as elastase, myeloperoxidase (MPO), cathepsins, 

collagenases and esterases are found in intracellular granules and serve to destroy 

organic material through their digestion of polypeptides, nucleic acids and membranes. 

ROS, originate at the cell surface, where activation of the membrane associated 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme converts 

oxygen to pote nt oxidizing byproducts. This process termed the respiratory burst, 

partially reduces molecular oxygen (02 ) to superoxide radical (02-) with subsequent 

conversion to equally reactive hydrogen peroxide (H20 2 ), singlet oxygen (O·) and 

hydroxyl (OH·) radicals. Furthermore, through the catalysis of neutrophil MPO, H20 2 

converts cr to the highly reactive hypochlorus acid (HOCI) likely the most potent of 

respiratory burst oxidizing byproducts. These oxygen free radicals released through 

degranulation destroy pathogens and unwanted organic substances by the rapid 
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disruption of lipid bilayers45. Thus, the microbicidal activity of neutrophils is achieved 

through the synergistic release of intracellular enzyme granules and membrane derived 

oxygen radicals, both capable of pote nt organic tissue destruction. 

1.3 Hemorrhagic shock and resuscitation 

Rapid blood loss resulting in hypovolemic shock can be a lethal event causing 

death. While blood loss can occur in different conditions (gastrointestinal bleeds, 

ruptured aneurysms), traumatic vessel in jury, within or outside organs, is the main cause 

of hemorrhage in trauma. In the context of blunt or penetrating injuries, hemorrhagic 

shock accounts for more than half of ail early trauma related deaths «48 hours)46. More 

specifically, in the theatre of war, one in five injured combatants die in battle, with 

exsanguination being the single major, potentially salvageable cause of field deaths5. In 

the Vietnam conflict, for example, more than 50% of battlefield casualties died of 

hemorrhagic shock47. The importance of hemorrhagic shock is further underscored in 

ever-increasing modern urban trauma. 

While most early trauma deaths are due to hemorrhage, few to none occurring 

beyond a week after in jury are secondary to blood loss. The overwhelming majority of 

late trauma deaths are due to sepsis or organ dysfunction48. Nonetheless, an increasing 

body of evidence suggests that the manner in which the initial hemorrhage resuscitation 

is conducted, can profoundly affect the natural history of late deaths. Finding improved 

therapies for the resuscitation of hemorrhagic shock are thus of prime importance if 

reductions in both early and late mortality of trauma victims is to be envisaged. 

1.3.1 Macrohemodynamic Dysfunction in Hemorrhagic shock 

ln 1895 John C. Warren described hemorrhagic shock as 'a momentary pause in 

the act of death,49. Currently, one of the better definitions, albeit less dramatic, can be 
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Class 
1 
Il 
III 
IV 

found in the American Gollege of Surgeons Advanced Trauma Life Support (ATLS®) 

guidelines, which divide hemorrhagic shock into 4 classes (Table 1). Active hemorrhage 

deteriorates into shock when diminished effective circulating volume causes critical 

reductions in cardiac filling pressures. With hypovolemic reductions in cardiac output, 

tissue perfusion is proportionately decreased, triggering arterial baroreceptors (carotid 

sinus, aortic arch), volume (cardiac ventricles) and stretch (atria) receptors activating the 

sympathoadrenal axis. The ensuing result is a massive release of epinephrine, 

norepinephrine and subsequently, cortisol from the adrenal gland50
. Other potent 

vasoconstrictors such as vasopressin from the posterior pituitary gland and angiotensin 

Table 1: ATLS® Classification of Hemorrhagic Shock 
B100d loss Volume loss HR OP RR VIO Mental status Therapy 
<15% <800cc 0~ 0~ 0~ 0~ 0~ +/- crystalloid 
15-30% 0.8-1.5L i 0~ i 20-30cc/h anxiety crystalloid 
30-40% 1.5-2L i 1 i 5-15cc/h confusion Blood + crystalloid 
>40% >2L ii 11 ii negligible lethargy Blood + crystalloid 

ATLS: Advanced Trauma Life Support, HR: heart rate, BP: blood pressure, RR: respiratory rate, U/O: urine output 
<: less than, >: greater than, 0L'l.: no change, ~:deerease, j:increase 

from the kidney are also concurrently secreted. 

While catecholamines immediately increase heart rate and minute ventilation, 

neuroendocrine reflexes, result in a slower, prolonged reabsorption of tissue fluids at the 

level of capillaries, thereby increasing effective circulating volume. Loss of up to 15% of 

total blood volume (Glass 1 hemorrhagic shock) is weil tolerated and usually does not 

affect hemodynamic parameters as compensatory mechanisms are capable to restore 

intravascular volume deficits rapidly. Blood volume deficits beyond 25% produce 

measurable deficits in blood pressure and rises in the sympathetic vascular tone of 

arterioles and capacitance vessels. Yet, vasoconstriction does not affect ail capillary 

beds equally, favouring cardiac and cerebral tissue at the expense of splanchnic, renal 

and muscular beds51
. Glass Il, III and IV hemorrhagic shock require prompt exogenous 
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fluid administration usually in the form of isotonie crystalloids such as lactated Ringer's 

(LR, RL) or normal saline (NS, 0.9% NaCI). Volume loss beyond 40% of total blood 

volume (Class IV hemorrhagic shock) is life threatening. Arterial pressure below 60 

millimeters of mercury (mmHg) results in inadequate cerebral blood flow giving ri se to 

extreme sympathetic activation with intense peripheral vasoconstriction52. 

Hemorrhagic shock decompensation arises from failure to maintain cardiac 

function despite maximal arterial and venous constriction. Failure to maintain 

sympathetic tone results in paradoxical vasodilatation and reductions in peripheral 

vascular resistance which further compromise cardiac filling pressures. The loss of 

vascular tone is a reliable indicator of impending irreversible hemorrhagic shock53. Two 

major factors appear responsible for this decompensation, both of which occur in the 

microcirculatory milieu: accumulation of blood in capacitance vessels and the 

development of leaky capillaries losing fluid into the interstitium (edema)51. 

1.3.2 Global tissue-Ievel ischemialreperfusion in jury 

The key end-organ event in shock is an inadequate oxygen delivery (D02) to 

meet increased tissue oxygen consumption (V02). Inadequate D02 resulting in 

persistently ischemic tissues is an early event in shock preceding hypotension and an 

important contributor to increased mortality54.55. The inability of the heart and vasculature 

to maintain physiologie function is believed to occur secondarily to the acidosis and 

toxemia arising from systemic circulation of metabolites released from ischemic tissues56. 

Prolonged tissue hypoxia results in the loss of membrane polarity and an inability to 

maintain trans-membrane ionic gradients with the subsequent inhibition of mitochondrial 

activity51. This further hampers cellular ability to generate high energy phosphate 

compounds which are vital for membrane integrity. Additionally, decompensating 
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hemorrhagic shock is accompanied by profound aberrations in coagulation processes, 

with dysfunctions in the reticuloendothelial system and alterations of immune function. 

Irreversible hemorrhagic shock, therefore occurs when global 

ischemia/reperfusion in jury can no longer be counterbalanced by compensatory 

mechanisms. Capillary beds become progressively occluded by swollen endothelium 

and sequestrated cells (particularly neutrophils) and debris preventing the restoration of 

downstream tissue perfusion and contributing further to cellular hypoxia. This process, 

termed the 'no-reflow phenomenon' is typically observed at the onset of irreversible 

hemorrhagic shock and can be detected by the lack of hemodynamic improvement 

despite adequate volume restoration57. As neutrophils circulate through sluggishly 

flowing capillaries they come in close proximity to activated endothelial cells, becoming 

themselves activated. The otherwise weil ordered sequential EC/PMN interactions 

become chaotic and unbridled. Sequestered activated neutrophils may inadvertently 

release reactive oxygen species and proteolytic enzymes causing local tissue damage 

and worsening microvascular leakiness58. 

1.3.2.1 SIRS and MO OS 

There are numerous conditions where the host inflammatory response results in 

host tissue in jury. Illnesses such as severe pancreatitis, the adult respiratory distress 

syndrome (ARDS), multiple trauma, and severe hemorrhagic shock ail may result in 

persistent, unremitting over-stimulation of the host inflammatory response causing the 

systemic inflammatory response syndrome (SIRS)59.6o. Multiple organ dysfunction 

syndrome (MODS) can be seen as the lethal complication of SIRS, often resulting in the 

patient's demise. InitiallY described as the cause of mortality following aortic aneurysm 

rupture, this condition is characterized by the sequential failure of different organ 

systems culminating in death3
. While different, apparently heterogeneous conditions can 
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result in MODS they ail share a setting of persistent stimulation of host immunity, 

precipitating an uncontrolled systemic inflammatory response causing remote organ 

injury61. Today, MODS is the leading cause of death in intensive care units carrying a 

mortality of 30_100%62.63. The recent apparent rise in incidence of this syndrome is likely 

due to key advances in the treatment of acutely ill patients, maintaining alive those who, 

in the past, would not have survived the initial illness64.65. Innovative health technology 

permitting the complete artificial support of failing organ systems is partly responsible for 

this outcome reversaI. 

The link between neutrophils, SIRS and MODS has been demonstrated by 

multiple lines of evidence. Neutrophil tissue sequestration and amount of neutrophil by

products have been correlated with the presence and severity of inflammation in different 

disease states. In hemorrhagic shock models, neutropenic animais developed 

diminished organ injury66 and displayed a significant survival advantage compared to 

non neutropenics57.58. Other animal models involving local ischemia/reperfusion of 

muscle67, lung68 and brain69 also revealed diminished tissue in jury in neutropenic animais 

compared to controls. Reduced mortality and tissue in jury has also been noted in 

neutropenic animais with acute pancreatitis70, sepsis71 and acute lung injury72.73. The 

specifie event that initiates escalating neutrophil and inflammatory self-perpetuating 

activation remains elusive. The concept of gut bacterial translocation as this triggering 

event has been proposed by some74.75. The gut is one of the earliest tissues to lose its 

integrity following ischemia. Intestinal mucosa then loses its barrier function and luminal 

bacteria are allowed to translocate into the circulation. Systemic dissemination of 

bacterial proinflammatory substances (such as endotoxin) has been proposed as a key 

event in uncontrolled neutrophil activation contributing to the host's progression into 

systemic inflammation and multiorgan dysfunction74.75 . Otherwise referred to as the 'gut

liver-Iung axis', this attractive paradigm suggests that prolonged hypoperfusion from 
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hemorrhagic shock results in gut mucosal in jury, local activation of neutrophils and the 

release of mediators and bacterial toxins into Iymph and circulation. Once these factors 

reach the liver and lung, they induce further inflammatory changes, resulting in additional 

neutrophil activation and mediator release, leading to systemic inflammation and remote 

organ in jury 51. Hence, the neutrophil, with its considerable supply of toxic reactive 

oxygen species and proteolytic enzymes may be the key element in the tissue in jury and 

organ damage occurring in systemic inflammatory conditions such as resuscitated 

hemorrhagic shock. 

1.3.2.2 PMN Priming and Activation - The 'Two-Hit" Theory 

Despite what would seem as an inherent tendency for neutrophils to be 

effortlessly activated, this process does not occur haphazardly. It is perhaps an 

evolutionary drive to prevent PMN oversensitivity to activation that has lead neutrophils 

to develop a step wise activation process to launch their microbicidal activity. Several 

investigators have observed that neutrophils can be primed by a given stimulus without 

degranulating or responding functionally. A subsequent stimulus then activates the 

PMN, for an augmented response with massive release of toxic products through 

degranulation76
. Thus, priming is a process whereby the response of neutrophils to an 

activating stimulus is potentiated by prior exposure to a priming agent or stimulus which 

in itself does not elicit effector function 77
. In vitro, neutrophil priming agents such as 

lipopolysaccharide (LPS), phorbol myristate acetate (PMA), interleukin-1 (IL-1), certain 

leukotrienes, tumor necrosis factor (TNFa) and other mediators, have been shown, at 

small doses, not to elicit a functional response from neutrophils while inducing an 

augmented response with subsequent activation78
. The distinctness of neutrophil 

priming and activation has been demonstrated in vitro in studies where activated but not 
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primed human neutrophils were capable of enhanced superoxide release and tissue 

sequestration as weil as in jury to endothelial cells79 . While this would imply that 

neutrophils exist in three distinct states: resting, primed or activated, this is likely 

oversimplistic as PMNs more likely exist in a continuum of states spanning these three 

categories 78. 

While this step-wise stimulation may have been originally intended to control 

over-exuberant PMN function, neutrophils continue to demonstrate dysfunctional 

exaggerated responses in conditions of systemic inflammation. Clearly, inappropriate 

levels of priming may also lead to unbridled and uncontrolled subsequent neutrophil 

activation leading to systemic inflammation and tissue in jury 80. Furthermore, as 

activation in the setting of prior priming is greatly potentiated, the step-wise activation 

process may result in augmented systemic inflammation. 

The priming/activation concept is exemplified clinically by the two-hit or two-insult 

theory which maintains that in certain conditions, a given insult to the host (such as 

resuscitated hemorrhagic shock) may not immediately lead to the systemic inflammatory 

response. A second subsequent, even innocuous stimulus (aspiration, upper 

gastrointestinal bleed, minor surgery), leads to complete activation of the host 

inflammatory response with resultant tissue damage and organ injury61. In vivo animal 

studies have demonstrated how two spaced insults resulted in microcirculatory 

compromise81 , and more recently how two-insult conditions lead to distinctly worse 

organ dysfunction. In a porcine model an intravenous pseudomonas infusion in the 

group submitted to antecedent resuscitated hemorrhage resulted in worse hemodynamic 

parameters and Acute Physiology And Chronic Health Evaluation (APACHE) scores than 

controls only receiving the infusion82
. Similarly, in a murine model where a femoral 

fracture accompanied by resuscitated hemorrhagic shock constituted the first hit, only 

the group undergoing subsequent ceacal ligation and puncture (CLP) demonstrated 
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significantly worse post-mortem pulmonary and hepatic histologic in jury in addition to an 

85% reduction in survival83
. 

1.3.2.3 Shock Resuscitation as a Systemic Reperfusion ln jury 

ln either one or two hit conditions, the systemic hypoperfusion and global end

organ ischemia that accompany severe hemorrhagic shock may trigger the host 

inflammatory response with unintended neutrophil degranulation resulting in tissue in jury. 

Intravascular replenishment with fluid must be urgently instituted to prevent end organ 

anoxia, loss of transmembrane ionic gradients and cellular death. Clearly, hemorrhagic 

shock must be reversed with adequate fluid resuscitation or the condition is uniformly 

lethal84
. Nonetheless, while tissue ischemia in hemorrhagic shock activates the 

inflammatory response and can lead to neutrophil-mediated tissue in jury, fluid 

resuscitation may, in fact, worsen these effects. Several studies report that despite 

adequate resuscitation, some hemorrhagic shock victims will develop systemic 

inflammation, organ dysfunction and subsequently die. Indeed, multiple organ 

dysfunction syndrome (MO OS) is the most common cause of post-traumatic death 

occurring more than 48 hours after resuscitation46
,85,86. Paradoxically, the restoration of 

nutritive tissue blood flow by resuscitation initiates a cascade of events at the 

microcirculatory level that may worsen the existing hypoxic cellular in jury. Resuscitated 

hemorrhagic shock can be viewed as 'whole-body' ischemia/reperfusion (I/R) where 

different capillary beds first rendered ischemic by global hypoperfusion are subsequently 

reperfused by the administration of fluid. As with reperfusion in I/R in jury, locally

released toxic ischemic by-products are no longer self-contained in the sluggish capillary 

beds where they are produced. Fluid resuscitation, recirculates these byproducts 

systemically causing further generalized inflammatory upregulation of cytokines, oxygen 

free radicals, archidonic acid metabolites and the other inflammatory mediators51
. Thus, 
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resuscitated hemorrhagic shock is in itself a double insult to the host first through global 

hypoperfusion and second by systemic recirculation of mediators and toxic by-products 

of neutrophils and other inflammatory elements. 

1.3.2.4Inflammatory Mediators 

The sustained presence of circulating inflammatory mediators following 

resuscitation of hemorrhagic shock results in global microcirculatory cellular activation. 

Arachidonic acid metabolism through the cyclo-oxygenase pathway (Ieading to 

eicosanoids: prostaglandins and thromboxanes) and through the lipoxygenase pathway 

(Ieading to leukotrienes) yields these key mediators that are produced and released in 

resuscitated hemorrhagic shock. Thromboxane A2 (TBX A2), a potent vasoconstrictor, is 

initially released in large quantities. TBX A2 has a central role in resuscitated 

hemorrhagic shock and I/R in jury promoting neutrophil margination and platelet 

aggregation into 'hemostatic plugs' and contributing to downstream tissue hypoxia87
. 

Vasoconstricting leukotrienes are also released, further contributing to tissue hypoxia. 

Blockade of the lipooxygenase pathway has been shown to diminish metabolic in jury and 

mortality in hemorrhagic shock88
. Platelet activating factor (PAF) is another mediator that 

is secreted by neutrophils and endothelium in resuscitated hemorrhagic shock. PAF 

promotes neutrophil and platelet aggregation as weil as vascular permeability, and itself 

activates both PMNs and ECs, making its effects self perpetuating89
. While prostacyclin 

(PGI2) and other vasodilators are subsequently released to restore perfusion, their 

actions are overwhelmed as hemorrhagic shock progresses to decompensation. The 

complement system is also activated early after hemorrhage and can induce rapid and 

fulminant in jury to different organ systems by interacting with neutrophils and the 

humoral system90
. 
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Several cytokines circulate freely following resuscitated hemorrhagic shock. 

Unlike classic hormones, cytokines are active locally at concentrations not measurable 

systemically. They are produced at many different sites by a myriad of cell types and 

possess important autocrine, paracrine and endocrine functions on several tissues and 

cells including neutrophils and endothelial cells. The principal cytokines involved in 

resuscitated hemorrhagic shock are released mostly by activated macrophages. Tumor 

necrosis factor a (TNFa) a cytokine known to promote neutrophil respiratory burst and 

degranulation appears early in plasma and persists in tissue for long periods following 

resuscitation of hemorrhagic shock91
-
93

. Interleukin 1 (IL-1) levels are not detected in 

plasma but are noted in tissue despite adequate resuscitation91
. Mesenteric levels of 

interleukin 6 (IL-6) are also seen in hemorrhagic shock and are further increased with 

resuscitation94
. Increased interleukin 8 (IL-8), which plays an important role in neutrophil 

chemoattraction, transmigration and adhesion to endothelium has also been 

demonstrated in severely injured trauma patients95
. Several other cytokines are also 

released in large quantities following resuscitated hemorrhagic shock and their effects on 

neutrophil function and activation are becoming increasingly clear as research continues 

in these areas. 

1.3.2.5 PMN function in resuscitated hemorrhagic shock 

As in other SIRS conditions, PMNs from resuscitated hemorrhagic shock victims 

may become inappropriately activated by circulating mediators and byproducts of 

reperfused ischemic tissues. With greater degrees of blood loss, persistence of low flow 

conditions, and especially with resuscitation, the systemic release of the se mediators 

may result in the inappropriate activation of neutrophils. 

ln particular, resuscitation of hemorrhagic shock promotes the indiscriminate 

release of reactive oxygen species not only by activated neutrophils but also by post-
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ischemic endothelium96. Two mechanisms are responsible for this reperfusion-related 

response: First, molecular oxygen supplied to ischemic tissue with reperfusion 

enhances generation of large quantities of H20 2 and O2' by the xanthine/hypothanxine 

axis, serving as a cofactor and electron acceptor97. Second, protection by the 

physiologie antioxidant enzymes superoxide dismutase (SOO) and glutathione 

peroxidase is greatly diminished. While in non-stressed physiologie conditions, SOO 

from red blood cells and other sources, is capable of destroying any freely existing 

superoxide radicals by dismutation, converting them to elemental oxygen and hydrogen 

peroxide98, this process is easily overwhelmed following resuscitated hemorrhagic shock 

by reconversion of the resultant H20 2 back into hydroxyl radicals97. The unchecked 

levels of ROS circulating systemically produce tissue in jury through lipid peroxidation. In 

bi-lipid membranes, this process is particularly damaging as it is self-perpetuating and 

continues until loss of membrane integrity is complete and destruction of the cell itself 

occurs99. The destructive effect of free radicals extends beyond lipid membranes, also 

interfering with nucleic acid integration in deoxyribonucleic acid (ONA), and protein 

assembly into vital enzymes and transport proteins45.97.100.101. In addition, free radicals 

further activate and injure endothelial cells resulting in microvascular loss of integrity and 

interstitial leakage of plasma, cells, and proteins promoting tissue edema. Activated 

endothelium further accentuates tissue destruction by ROS through a reduction in its 

release of nitric oxide (NO). NO's role as a potent vasodilator allowing nutritive blood 

flow to end capillaries is lost as is its highly effective ability to scavenge reactive oxygen 

radicals 102,103. 

PMN elastase release is also inappropriately upregulated in resuscitated 

hemorrhagic shock. Rodent PMNs primed by trauma and hemorrhage demonstrate 

greater release of elastase when activated 104. Conversely, administration a granulocyte 

elastase inhibitor reduces tissue in jury in hemorrhagic shock and hepatic or pulmonary 
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ischemia/reperfusion studies 105-107. Levels of other proteinases including cathepsins are 

also reported to be elevated in hemorrhagic shock 108. 

Resuscitated hemorrhagic shock also alters cellular structure. Upregulated 

expression of adhesion molecules are seen in ECs and PMNs from resuscitated 

hemorrhagic shock victims. In rodent models of hemorrhagic shock, PMN CD18/CD11 

expression is greatly augmented following standard resuscitation 109-111. Similarly, PMN 

surface L-selectin levels were found to be increased in similar experiments by other 

authors 109.112.113. Increased expression of endothelial adhesion molecules is also 

reported after hemorrhagic shock resuscitation with standard crystalloids. This has been 

noted with ICAM-1 and 2114.115
, vascular cell adhesion molecule 1 (VCAM-1 )115 and P

selectin 116.117. 

The augmented expression of endothelial and PMN adhesion molecules is 

confirmed by enhanced PMN/EC interactions following standard resuscitation of 

hemorrhagic shock. In vivo evaluation with intravital microscopy has shown greatly 

increased neutrophil rolling and adhesion to endothelium after shock resuscitation in 

liver118-121, intestinal mesentery23.122-125, pancreas 126, skin 127.128 and cremaster which is the 

subject of the current work. 

1.4 Isotonie fluid resuseitation 

The optimal fluid for initial resuscitation of hemorrhage has been debated since 

the seventeenth century. In 1883, Sidney Ringer noted the importance of different 

electrolyte components of infusion solutions in heart reperfusion studies 129. Half a 

century later Krebs created a fluid similar to plasma in ionic concentrations and tonicitl. 

At about the same time Hartman determined the critical role of sodium in physiologie 

fluid balance, and added sodium lactate to hydration solutions 130. Lactated Ringer's was 

hence coined and the solution has since been used for hypovolemic states, essentially 
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unchanged. Nonetheless, in the years that followed World War l, intravascular deficits 

from hemorrhage were increasingly replaced by whole blood or plasma 131. Following 

WWII, the notion that blood loss did not necessarily require replacement with blood 

products was emerging 132. Yet, it was not before the combat experience in Vietnam that 

isotonie crystalloid was clearly established as the prime resuscitation fluid for 

hemorrhagic shock5
. Wide usage of crystalloid resuscitation at that time rendered rare 

the overwhelming mortality and renal complications previously documented in 

hemorrhagic shock victims. Hence, the revolutionary concept that lost blood did not 

need to be replaced with blood, but with isotonie salt solutions had now become the 

norm. The key was to administer the fluid in sufficiently large volumes, three to four 

times the volume of shed blood, in order to restore cardiac filling pressures and output133
. 

More recently, this ratio has been questioned and it has been argued that it should more 

likely be 7:1 52
. 

Nevertheless, even in Vietnam, while crystalloids permitted patients to survive 

otherwise lethal hemorrhage, it soon became evident that such large administered fluid 

volumes gave rise to other complications that cou Id also result in death. Though first 

described in the First World War, severe pulmonary complications following massive 

crystalloid resuscitation were extensively documented in the Vietnam War132
. It became 

clear that crystalloids ultimately fill the interstitial space, readily 'Ieaking' out of ail 

capillary beds but most dramatically observed in the lung as pulmonary edema. 'Danang 

lung', 'shock lung' and 'traumatic wet lung' were initial names ascribed to the pulmonary 

dysfunction following trauma resuscitation which resulted in prolonged respirator usage5
. 

Presently referred to as the 'acute respiratory distress syndrome' (ARDS), this entity is 

now known to also occur after other inflammatory conditions, often but not always, 

resuscitated with high crystalloid volumes. Concern over the increasing incidence of this 
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condition has encouraged research in alternative resuscitation fluids requiring more 

modest fluid doses to adequately restore effective circulating volume. 

1.5 Colloid fluid resuscitation 

One of the effects of the massive isotonie crystalloid volumes required to 

resuscitate hemorrhagic shock is to reduce vascular colloid osmotic pressure resulting in 

disseminated tissue plasma leakage and edema. The administration of exogenous 

colloids in such conditions has been proposed by some to maintain effective circulating 

volume while reducing intravascular fluid losses and preventing the accumulation of 

tissue edema. Colloids are fluid solutions containing large macromolecules unable to 

cross physiologie vascular pores and channels. These macromolecules generate a 

colloid on cotie intravascular pressure (COP) which prevents osmotic leakage of fluid out 

of the vasculature. As long ago as WWI, colloid fluid use was reported for resuscitation 

as it could maintain hemodynamic effects for longer periods than crystalloids 131. 

Colloids are divided into natural and synthetic forms. Red blood cells, platelets 

and plasma are typical natural colloids which can generate powerful oncotic pressure by 

their large sized particles (red cells, proteins). WWI, Korean War and most WWII 

casualties were resuscitated with human plasma and whole blood 5. Unfortunately the 

limited supply and risk of contamination has limited resuscitation with blood products in 

more recent times. Another natural colloid is albumin, the main circulating protein in the 

plasma of mammals. Albumin solutions (5%, 25% and others) are available 

commercially and are excellent to maintain colloid oncotic pressure. The use of albumin 

for shock resuscitation is widespread and has been reported in various conditions 

including post-operative ARDS134
, burns 135, cirrhosis 135, cardiac bypass 136 and 

hypovolemic shock 137. Yet, large reviews of randomized control trials involving the 

administration of albumin in critically iII patients have revealed increases in mortality 
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rates and have led to emphatic recommendations that it not be used outside rigorously 

controlled clinical trials 138-140. While sorne strong disagreement and contradicting reports 

fOllowed 141 .142
, the use of albumin in critically ill patients has remained cautious. 

The main synthetic colloids are starches and gelatins. Starches are subdivided 

into dextrans and hydroxyethyl (HES) varieties. Dextran use in North America is limited, 

particularly due to its high risk of coagulopathic complications. HES solutions have been 

associated with fewer such side effects and less renal complications, particularly if of 

lower molecular weight and degree of hydroxyl substitution143.144. The use of HES in 

critically ill patients is increasing in Canada and certain parts of Europe, greatly 

surpassing that of albumin, in part due to its lower cost, safety and efficacy145-148. While 

its use following in jury remains guarded, studies in trauma patients found diminished 

fluid requirements and few side effects 149.150. Gelatins are extensively used worldwide 

but minimally in North America and Europe. In hemorrhagic shock, they are effective in 

increasing circulating plasma volume, capillary wedge pressure, cardiac index and 

oxygen delivery with few adverse effects on pulmonary function and hemostasis 151.152. 

Anaphylactic responses secondary to gelatin use appear to be more frequent than with 

other colloids 153.154. 

Consideration of available data in major meta-analyses of several prospective 

randomized trials have suggested that colloids offer no advantages to injured patients, 

and may possibly increase their mortalit/55-158. Current evidence would thus suggest 

that crystalloids should remain the resuscitation fluid of choice in hemorrhagic shock 

trauma victims and that colloids be used only in exceptional cases. 
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1.6 Hypertonie saline 

1.6.1 Improved Maerohemodynamie Pathophysiology 

Hypertonie saline is particular in that, as a crystalloid, it is a simple salt solution 

without macromolecules, yet similar to colloids it is administered in small quantities which 

remain intravascular, drawing fluid from the cellular and interstitial space. Table 2 shows 

the compositions of some infusion solutions as weil as their relative intravascular 

expansion. Increased serum osmolality from small doses (4cc/kg) of 7.5% sodium 

chloride (HTS) instantly expand effective circulating volume by creating a potent 

transcapillary osmotic gradient which mobilizes intracellular (from endothelial cells, red 

blood cells) and interstitial fluid, into the vascular compartment159.160. This fluid exchange 

occurs in the microcirculatory milieu, in capillary and post-capillary beds; the precise 

location where ischemia-reperfusion in jury is initiated during resuscitation of hemorrhagic 

shock. Hemorrhagic shock first renders capillary endothelial cells hypoxic, while 

resuscitation then makes them edematous resulting in narrowing and occlusion of 

capillaries contributing to downstream tissue hypoxia. On the other hand, hypertonie 

saline mobilizes intracellular fluid from erythrocytes and endothelial cells preventing such 

cellular swelling during resuscitation. The resultant reduction in capillary hydraulic 

resistance, improves microcirculatory perfusion and permits betler post-ischemic organ 

recovery161.162. Concurrently, large intravascular fluid mobilization yields rapid restoration 

of mean arterial pressure (MAP) giving rise to an elevated cardiac output (CO), oxygen 

delivery and extraction 160.163-165. In addition to increases in cardiac output through higher 

filling pressures, HTS may have direct cardiac effects improving ventricular contractile 

force, dP/dtmax and stroke work at equal or lower atrial filling pressures than with isotonie 

fluids 166.167. This effect is believed to occur through osmolar reductions in cardiac 

edema, restoring cardiac membrane potentiaI168.169. Nonetheless, the most important 

benefits of hypertonie saline resuscitation may not reside with its early 
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Fluid 

D5W 

D5%NS 

NS 

RL 

7.0% 
HTS 

PTS 

25% 
albumin 

Plasma 

macrohemodynamic effects but instead on its ability to modulate the inflammatory 

response at the microcirculatory level. 

Intravascular 
volume 
change 
(amount 
infused: 
amount 

remaining 
intravascular) 

10:1 

7:1 

4:1 

4:1 

1 :4 

1:1 

1 :3.5 

Table 2: FLUID THERAPY 

Osmolality Na+ CI- K+ Ca++ Lactate Dextrose 
(mOsm/L) (mEq/L) (mEq/L) (mEq/L) (mEq/L) (mmoI/L) (g/100ml) 

252 - - - - - 50 

280 77 77 - - - 50 

308 154 154 - - - -

273 130 109 4 5 28 -

2396 1197 1197 - - - -

326 154 154 - - - -

- 140 - - - - -

290 144 107 5 5 - 0.8 (glc) 

D5W: 5% dextrose solution, NS: normal saline, RL: Ringer's lactate, HTS: hypertonie saline, 
PTS: pentastarch solution, HES: hydroxyethyl starch, glc: glucose 
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pH (mm 

Hg) 

4.0 -

4.2 -

5.0 -

6.5 -

-

5.0 40 

- 100 
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Abstract 

The systemic inflammation that occurs in shock states is believed to promote 

over-exuberant microcirculatory activation, the release of toxic proteases and oxygen 

radicals causing microvascular damage, and subsequent tissue and organ in jury. 

Although shock-associated microvascular failure is often unresolved following standard 

resuscitation, hypertonic saline (HTS) appears to reduce microvascular collapse, 

restoring vital nutritional blood flow. In addition, hypertonic fluids tend to blunt the 

upregulation of leukocyte and endothelial adhesion molecules that occurs with isotonic 

resuscitation of shock. Recently, direct evaluation by intravital microscopy has shown 

that HTS resuscitation dampens the interactions between leukocytes, platelets and 

endothelium found with Ringer's lactate (RL)-resuscitation. Furthermore, fewer cellular 

interactions have been correlated with attenuations in microvascular wall permeability 

after resuscitation with HTS. Setter characterization of microcirculatory effects by 

hypertonic saline may provide mechanisms for improved morbidity and mortality 

associated with hypertonic resuscitation. 
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For several decades hypertonie saline (HTS) solutions have been known to 

restore physiological hemodynamics in hypotensive conditions such as hemorrhagic 

shock. Resuscitation with isotonie fluid (Ringer's lactate [RL], normal saline [0.9% NaCI, 

NS]) is the current standard of care and often involves the administration of several liters 

of fluid to restore microvascular perfusion. The advantages of small volume 

resuscitation 168 with hypertonie saline (4cc/kg 7.5% NaCI) are its ease of transport, 

speed of administration and rapid correction of perturbed hemodynamics. Restoration of 

normal intravascular physiology by HTS is achieved through a pote nt transcapillary 

osmotic gradient that causes a net shift of fluid from the interstitium, endothelial cells 

(ECs), and red blood cells (RBCs) to the intravascular space. Animal studies have 

demonstrated that HTS-resuscitation rapidly restores mean arterial pressure, peripheral 

tissue perfusion, cardiac contractility and urinary output, primarily by increasing cardiac 

preload. 160,163 Although large, multicenter, randomized studies evaluating HTS and HTS

starch mixtures in traumatic shock have demonstrated safety and efficacy, they were 

unable to show a clear survival advantage over standard isotonie therapy.170-173 

Nonetheless, some reports did suggest important advantages in HTS-resuscitation, 

namely reductions in post-resuscitation complications such as renal failure, 

coagulopathies and acute respiratory distress syndrome (ARDS).173 Despite some 

recommendations to use HTS as the first line therapy for resuscitation of shock5
, to this 

day, the routine use of HTS across North American and European hospitals is limited. 

ln the last 15 years, a revived interest in hypertonie saline has occurred after 

certain reports demonstrated HTS-mediated immune protection, possibly improving 

trauma outcomes. 174 Systemic inflammatory in jury primarily occurs at the 

microcirculatory milieu in conditions such as sepsis, burns, pancreatitis and severe 

hemorrhagic shock. It is this microcirculatory environ ment where hypertonie saline 

appears to exert its beneficial immune effects. 
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Intravital videomicroscopy (IVM), a recent technical advance in the study of living 

tissue, has provided an insight into the pivotai events that occur in microcirculatory beds 

of animais with systemic inflammation. IVM permits the direct observation of animal (and 

even human) microcirculation by placing a thin, translucent, live tissue over the objective 

lens of a microscope attached to a video camera. Real-time flow is visualized in 

microvessels (arterioles, venules and capillaries), distinguishing the traffic of different 

circulating elements such as red blood cells (RBC), leukocytes (LEU), plate lets and fibrin 

clots. Tagging different cells with fluorescent markers further allows the precise 

identification of visualized elements. Moreover, with similar labeling of non-cellular 

circulating macromolecules (albumin, dextran), appropriate ultraviolet filters allow live 

quantification of local macromolecular leakage from a given vessel or vessels. Simple 

image analysis software can compare the fluorescent signal within the vessel with that of 

the neighboring interstitial space, yielding a light intensity ratio (permeability index, PI) 

corresponding to the degree of macromolecular leakage and proportional to the vessel's 

permeability. 

The following review will discuss three different components of the effects of HTS 

on the microcirculation. The first section examines the known alterations by HTS of 

microvascular rheology, flow and vessel constriction/dilation. The subsequent segment 

explores the activation, receptor expression and interactions of microcirculation 

leukocytes, endothelial cells and platelets. Finally, hypertonie saline modifications of 

vessel wall integrity, permeability and the appearance of surrounding tissue and organ 

edema are discussed. 

Unfortunately, a lack of uniformity in methods evaluating hypertonie fluid 

administration makes comparisons across studies difficult. Some evaluations compare 

isotonie fluids (RL, NS) to HTS alone, and others compare them to hypertonie saline

dextran (HSD) solutions or HTS-hydroxyethyl starch (HTS/HES) solutions. In addition, 
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while volumes of HTS or hypertonie saline-starch solutions studied are usually 4cc/kg, 

volumes of isotonie fluids range from 4cc/kg to 3-4 times the shed blood volumes (over 

40cc/kg). 

Microvascular hemodynamics 

HTS promotes microcirculatory flow by preventing the capillary collapse seen in 

shock that is only partially improved by standard isotonie resuscitation. Laser Doppler 

flow analysis cannot discriminate between types of vessel (capillary, venules or 

arterioles), or between vessel calibers, but it does, nonetheless, provide a general 

assessment of in vivo regional blood flow. This technique was used in hemorrhagic 

shock models resuscitated with either RL (3-4 times the shed blood volume) or 

HTS/HSD regimens (4cc/kg or equivalent). Two hours following resuscitation, Doppler 

signais from intestinal mucosa and renal cortex were 40-50% lower with RL 

resuscitation.175.176 Comparison of mucosal blood flow following administration of either 

HSD or isotonie dextran was also performed in a model simulating sepsis with 

lipopolysaccharide (LPS) infusion. HSD-treated animais had twice the Doppler signal of 

isotonie controls. 177 Interestingly, HSD animais had a survival rate three fold greater 

than controls. With traumatic in jury, a spinal compression model found that subsequent 

HTS administration increased blood flow, beUer preserved spinal cord function acutely 

and accelerated recovery from chronic injury.178 

The effects of HTS on microcirculatory physiology can be further characterized 

with intravital microscopy models. IVM on pia mater windows of rabbits subjected to 

brain percussion in jury followed by HSD showed an absence of arteriolar dilatation 

otherwise seen with brain percussion alone. 179 No isotonie controls were evaluated, and 

the authors were unable to correlate these findings with differences in intracranial 
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pressure (ICP) between groups. Using IVM of rabbit tenissimus muscle, Mazzoni et al 

demonstrated that HTS and HSD-resuscitation of hemorrhagic shock completely 

restored capillary patency to pre-shock levels. In contrast, RL administration resulted in 

persistent capillary narrowing, unchanged from non-resuscitated shock. 162 They 

subsequently corroborated this finding with increased Doppler flow signais from the 

muscle surface of HSD-resuscitated animais using a similar mode!. 180 

Hepatic intravital microscopy models of hemorrhagic shock have also evaluated 

the rheologic effects of HTS. Although initial studies revealed equal sinusoidal narrowing 

with RL or HSD resuscitation 181, subsequent comparisons between hypertonic

hydroxyethyl starch, HSD regimens and RL have demonstrated that both hypertonic 

regimens reduced the number of non-perfused sinusoids (18% and 14% respectively) 

found in RL (24%) controls.119.161 Additionally, morphometric analysis demonstrated 

smaller EC thickness in HSD than RL-resuscitated animais. The authors proposed that 

HSD resuscitation reduced endothelial cell swelling, which prevented the congestion of 

narrow sinusoidal passages seen with isotonic resuscitation. 

More precise intravital microscopy experiments have quantified microvascular 

rheological alterations mediated by HTS. In one study, ileal mucosa microscopy in rat 

hemorrhagic shock demonstrated that resuscitation with HSD or at least twice the shed 

blood volume of RL equally restored arteriolar diameters to pre-shock levels, but a 75% 

diameter reduction persisted if blood or dextran alone was used.182.183 Still, most other 

IVM studies quantifying microvascular diameters and flow have determined that HTS 

may increase general microvascular flow by constricting capacitance vessels. 

Comparing equal volumes of 7.5% and 0.9% saline in the resuscitation of hemorrhagic 

shock, cheek pouch IVM showed twice the arteriolar flow with HTS but no differences in 

arteriolar diameters. 184 Nevertheless, there was considerable venular constriction found 

only in HTS-treated animais. Furthermore, post-resuscitation venular flow took 1 hour to 
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normalize with HTS but only 10 minutes in NS-treated controls. These results highlight 

how hypertonicity mobilizes fluid from high capacitance sources (i.e.: venules) to 

increase intravascular volume. In a more recent report, Torres Filho et al used a 

hemorrhage/resuscitation rat model of exteriorized mesentery IVM and similarly 

demonstrated that HTS increased post-resuscitation arteriolar flow without changing 

arteriolar and venular diameters. 185 ln addition, vasomotion, described as the continuous 

rhythmic contraction and relaxation of a vessel, was found to be 80% greater in HTS

treated animais than RL controls. This increased vasomotion was offered as a possible 

mechanism for microhemodynamic improvement by HTS. Unfortunately both latter 

studies compared equal volumes of NS and HTS, arguably under-resuscitating RL 

animais. An interesting additional arm would have been animais resuscitated with 3 to 4 

times the shed blood volume of isotonic crystalloid. 

Thus, microvascular rheological alterations by HTS-resuscitation lead to 

increases in arteriolar flow at the expense of temporary venoconstriction but resulting in 

generalized improvements in microcirculatory patency. 

Cellular receptor expression and interactions in the microcirculation 

The microcirculatory milieu is the primary site where HTS exerts its effects on 

circulating elements and their interactions. 

Polymorphonuclear neutrophils (PMNs) follow an orderly passage from the 

vasculature to appropriate sites of action where an in jury or infection has occurred 

(Figure 1). With such insults, PMNs marginate to the vessel periphery and roll along the 

surface of the vessel wall, interacting with endothelial cells through surface selectins (L, 

E and p).16 Theses initial weak interactions permit strong adhesion of surface f3r 

integrins (CD18/CD11) to endothelial receptors of the Ig superfamily (ICAM-1, ICAM-2), 

completely arresting the PMN on the vessel wal1. 186 Through diapedesis the PMN then 
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passes to the interstitial space migrating down chemotactic gradients to reach the source 

of tissue in jury, infection or inflammation.62 

Disruption of this orderly PMN passage out of the microcirculation has been 

implicated in the pathophysiology of organ dysfunction promoting the progression of 

sepsis, bums, multiple trauma and resuscitated hemorrhagic shock to the systemic 
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FIGURE 1: Sehematie diagram of the passage of neutrophils from the vaseulature to the area of in jury or infection: 
The activated neutrophil rolls on the vessel wall, slowed from central blood flow by weak interactions between 
surface L-selectin and Sialyl Lewis X (Sial-LeX) bases on the surface of the endothelial cell (EC). PMN rolling 
permits surface CD11 b adhesion moleeules to strongly interact with EC receptors of the immunoglobulin superfamily 
(ICAMs). The PMN then transmigrates through the vessel wall, migrating down a ehemotactie gradient to perform 
physiologie functions (phagocytosis, degranulation) in the area of in jury. 

inflammatory response syndrome (SIRS), multiple organ dysfunction (MODS) and 

sometimes death. Inappropriate neutrophil-endothelial (PMN/EC) interactions are 

believed to promote the release of proteases and oxygen free radicals contributing to 

severe microvascular in jury and tissue edema. (Figure 2) 
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Increasing evidence demonstrates that HTS may improve morbidity and mortality 

in different forms of localized or systemic inflammation. In particular, hemorrhagic shock 

models resuscitated with HTS have shown a reduction in lung in jury, with fewer PMNs in 

bronchioalveolar lavage fluid as weil as reductions in liver in jury. Furthermore, sorne of 

these animal models have shown increased survival with HTS-resuscitation.109
,187-189 

Key alterations in the function and interactions of PMNs and ECs have been related to 
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FIGURE 2: Schematic diagram of microvascular disturbances in systemic inflammation: The neutrophil becomes 
inappropriately activated, prematurely degranulating and releasing toxie elastases, and oxygen free radicals inside 
or immediately outside the vasculature. These substances injure the microcirculatory endothelium, increasing 
vascular permeability and allowing fluids, cells and macromolecules to leak out and cause tissue edema. 

HTS administration. In vitro exposure to hypertonicity attenuates PMN activation, 

cytotoxicity, and release of superoxide and elastase.1
90-193 Incubation with hypertonie 

media reduces human PMN surface L-selectin and CD11b.109
,190,193 Furthermore, when 

human volunteers receive hypertonie saline infusions, their PMN CD11 b expression is 
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reduced in comparison to those receiving RL. 194 Yet, although HTS-resuscitation in 

animais appears to reduce L-selectin, in vivo, CD11 b alterations remain 

unclear.109, 112,187, 189 

Endothelial cell expression of adhesion molecules is also modified by HTS. 

Diminished in vitro endothelial ICAM-1 has been reported when LPS activation was 

followed by incubation in HTS195. In vivo studies have similarly found diminished 

pulmonary and hepatic ICAM-1 levels in HTS-resuscitated animais as compared with RL 

controls 109,195. Additionally, Sun et al report less ICAM-1 protein and gene expression in 

rat spleen and lung resuscitated with HTS instead of RL. 115 While in some reports E 

(endothelium) and P selectin (platelets and endothelium) were unchanged by differential 

FIGURE 3: Representative photomicrograph from mouse cremaster intravital videomicroscopy 90 
minutes after RL-resuscitation of hemorrhagic shock (original magnification X 1920). Note the rolling 
(arrowhead) and adherent leukocytes (arrow). (Adapted from Pascual JL, Ferri LE, Chaudhury P, et al. 
Hemorrhagic shock resuscitation with a low molecular weight starch reduces neutrophil-endothelial 
interactions and vesselleakage in vivo. Surg Infect. 2001 ;2:275-288, with permission.) 
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resuscitation 112, Alam et al report elevations in both receptors in spleen and lung tissue 

following RL but not HTS-resuscitation of hemorrhagic shock. 196 

IVM studies have contributed further credibility to the idea that blunting of 

adhesion molecule expression by HTS reduces aberrant EC/PMN interactions, resulting 

in less organ and tissue in jury. Inflammatory insults followed by HTS administration 

consistently demonstrate fewer leukocyte interactions in different microvascular beds. 

ln burns, for example, HTS-resuscitated rats demonstrated diminished leukocyte stasis 

(adhesion) in pial windows, in comparison with those receiving standard Parkland 

formula using RL. 197 ln local trauma and ischemia/reperfusion models, prior HTS 

infusion resulted in fewer rolling and adherent leukocytes than in isotonic or untreated 

controls.198.199 

EC-PMN interactions in hemorrhage-resuscitation have been weil characterized 

by hepatic videomicroscopy. Comparable to reports with other models, they show 

attenuation of leukocyte stasis in sinusoids and post-sinusoidal venules if HTS/starch 

replaces resuscitation with RL.118.119.181. According to sorne authors, swollen and stiff 

PMNs may become passively 'trapped' in narrowed sinusoidal passages making these 

findings not necessarily applicable to other microcirculatory beds.200-202. 

To circumvent the possible uniqueness of hepatic microcirculation, our group 

developed a resuscitated hemorrhagic shock model evaluated with cremaster intravital 

microscopy. In a moderate hemorrhagic shock model (45 mm Hg for 45 minutes) 

followed by resuscitation with RL (twice the shed blood volume) or HTS (4cc/kg), we 

evaluated leukocyte rolling and adherence on endothelium for up to 90 minutes. As 

seen in figure 3203 several leukocytes can be noted rolling or adherent to the endothelium 

of a post capillary venule in murine cremaster 90 minutes following resuscitation with RL. 

Unlike HTS or SHAM animais, persistent elevations in PMN adherence with RL were 

found beyond 15 minutes after resuscitation (Figure 4204). Similar differences between 
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groups were also found in leukocyte rolling and rolling velocity. With respect to HTS 

effect on platelet interaction with neutrophils, few studies can be found in the literature. 

With skin IVM in hamsters, Saeltzer and colleagues describe finding 25 to 35% fewer 

leukocyte platelet aggregates when HTS was used instead of RL to resuscitate 

hemorrhagic shock. 205 The authors further report fewer rolling and adhering leukocytes 

60 minutes after resuscitation with HTS but greater numbers in RL controls. 205 

Clearly, HTS has profound effects on adhesion receptors and interactions 
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FIGURE 4: Leukocyte adhesion with differential fluid resuscitation of hemorrhagic shock. 
Adherent leukocytes in post-capillary venules of mouse cremaster at baseline (BL) 
hypotension (Iowbp) and at different times after resuscitation (T=0-90 minutes). Compared 
with HTS and SHAM, RL animais displayed greater leukocytes adhering to endothelial cells. 
Values expressed are mean number of stationary PMN initially and during 5 minutes on a 
given 100J.lm vessellength ± SEM. **RL vs SHAM only: p<0.05, :J;RL vs either HTS or 
SHAM: p<0.05. There were no significant differences between HTS and SHAM at any time 
point. (Adapted fram Pascual JL, Ferri LE, Seely AJ, et al. Hypertonie saline resuscitation 
of hemorrhagic shock diminishes neutrophil rolling and adherence to endothelium and 
reduces in vivo vascular leakage. Ann Surg. 2002;236:634-642, with permission.) 
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between different cellular elements of the microcirculation. How this effect alters the 

microvascular in jury and leakage seen with standard resuscitation will be discussed in 

the subsequent section. 

Microvascular integrity and permeability 

The systemic inflammation that sometimes accompanies severe hemorrhagic 

shock, sepsis, trauma and burns has long been associated to increased tissue edema 

and the concept of 'Ieaky capillaries'. The theory first proposed 25 years ago maintains 

that systemic inflammation causes inappropriate unleashing of host defense products 

(proteases, oxygen radicals) creating microvascular in jury and leakage of plasma and 

proteins into surrounding interstitium.206.207 More recently, authors have postulated that 

inappropriate cellular activation (neutrophils, macrophages, endothelium) and their over

exuberant interactions may be responsible for the systemic release of toxic products that 

cause vessel injury.(Figure 2) 

Different experimental methods can estimate microvascular permeability 

changes. Dyess et al measured hind paw Iymph flow and capillary filtration coefficients 

6 hours after burn in jury in differently resuscitated dogS.208 Although only HTS 

administration increased Iymph flow initially, by the end of experiments, HTS, HSD and 

dextran alone displayed flows equal to untreated burn controls. Concurrently, capillary 

filtration coefficients were greatest with HTS-treatment and lowest in dextran-treated 

animais throughout the experiment. Although this study would suggest a greater loss of 

vascular integrity with HTS treatment, most current studies demonstrate HTS-mediated 

decreases in microvascular permeability. 
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The wet to dry {WID} ratio is a simple method for estimating tissue water content 

by comparing the tissue's 'wet' weight (weighed immediately after death of the animal) to 

the 'dry' weight (weighed after 14 days of drying at 90°C). This assessment of tissue 

edema was used in a sheep model of 75% burns, demonstrating a diminished WID ratio 

in colon, liver, pancreas, skeletal muscle and non-burned skin when the animais 

received HSD instead of RL. 209 This underscores the notion that systemic inflammation 

causes increased tissue edema or microvascular leakiness systemically, remote from the 

area of direct in jury. HTS in pancreatitis demonstrated half the lung W/D ratio and one 

tenth the alveolar protein content compared with an equal volume of NS. 210 Using 

histologie assessment of tissue edema, Jerome and colleagues demonstrated less tissue 

water if 4-hour muscle ischemia was reperfused with blood supplemented with HSD. 211 

Also, using histology, a rat model of hemorrhagic shock followed by intratracheal 

infection demonstrated HTS-associated reduction in lung water. 109 The authors further 

correlated these results with ex vivo reductions of radio-Iabeled albumin leakage in the 

alveoli of HTS animais. 

Perivascular macromolecular leakage can be further evaluated directly using 

epifluorescent intravital microscopy. Filtered ultraviolet light (480 nm) exposure allows 

IVM to quantify fluorescent macromolecules (FITC-Iabeled dextran, albumin) leaking into 

the interstitium. In a model simulating local infection by treating hamster cheek pouches 

with topical LPS, subsequent epifluorescent analysis demonstrated 40% less leakage of 

fluorescent (FITC)-Iabeled dextran if animais had been pre-treated with HTS.212 

Similarly, in models of local ischemia reperfusion, or severe burns, various intravital 

microscopy windows have shown that FITC-Iabeled macromolecule leakage in vivo was 

much greater if RL had been administered instead of HTS. 198.213 Both studies correlated 

fewer adherent leukocytes with diminished vascular leakage in HTS-resuscitated animais 

than in RL controls. 197 Likewise, our own hemorrhagic shock model using murine 
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cremaster videomicroscopy found 45% less in vivo vascular leakage of FITC-Iabeled 

albumin simultaneously to fewer rolling and adherent leukocytes with HTS compared to 

RL 

FIGURE 5: Representative examples of fluorescent intravital 
microscopie images of mouse cremaster contrasting the greater 
interstitialleakage of fluorescent-Iabeled (FITC) albumin trom 
postcapillary venules after RL compared to HTS-resuscitation. Ip 
(perivenular fluorescent intensity) and Iv (venular fluorescent 
intensity) represent regions evaluated for light intensity. (Adapted 
fram Pascual JL, Ferri LE, Seely AJ, et al. Hypertonie saline 
resuscitation of hemorrhagic shock diminishes neutrophil rolling 
and adherence to endothelium and reduces in vivo vascular 
leakage. Ann Surg. 2002;236:634-642, with permission.) 

resuscitation204 
. Figure 5 shows representative epifluorescent cremaster 
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photomicrographs from HTS and RL-resuscitated animais captured 2 hours after 

resuscitation. Extravasation of fluorescent albumin, as seen by the ratio of fluorescence 

(whiteness) outside (Ip) to than inside (Iv) the venule, is significantly greater in a vessel of 

a RL-resuscitated animal than in the HTS counterpart. 

Although human clinical evidence finds hypertonie saline resuscitation safe and 

efficacious in restoring macro-vascular hemodynamics (e.g., arterial pressure, cardiac 

output etc), studies to date have been unable to clearly establish clinical superiority over 

isotonie crystalloid. In contrast, mounting data suggests that HTS imparts many 

advantages at the microcirculatory level. Improved capillary patency and arteriolar flow 

have been demonstrated directly and indirectly in different models simulating local and 

systemic insults. Several reports indicate that hypertonicity reduces expression of 

surface leukocyte and endothelial adhesion molecules. Furthermore, direct evidence 

now demonstrates that HTS blunts the considerable augmentation in leukocyte

endothelium interactions seen with standard isotonie resuseitation of shoek. Different 

shoek animal models have shown that a reduetion in leukoeyte-endothelial interactions 

by HTS administration can be eorrelated both spatially and chronologieally with a 

diminution in mierocireulatory vaseular leakage. Further researeh is needed to determine 

whether these findings are clinieally benefieial, and able, in the long run, to improve 

outeome in syndromes of systemie inflammation. 

End of Manuscript #1 

(Please see end notes ineorporated as part of introduction's end notes, p58) 
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1.7.3 Hypertonie Saline and Neutrophils 

Thus, prior exposure of aetivated neutrophils to hypertonicity blunts expression of 

their adhesion reeeptors and their ability to interaet with and injure endothelium. 

Furthermore, important effeets of hypertonie saline on the eytotoxie funetion of aetivated 

neutrophils have also been reported. In vitro studies have demonstrated blunting of N

formyl-methionyl-Ieueyl-phenylalanine (fMLP)-aetivated neutrophil superoxide release 

with prior incubation in hypertonie media 189.193,214,215. Other experiments used mesenterie 

Iymph from hemorrhaged rodents resuscitated with either HTS or RL as a PMN priming 

agent. Ex vivo neutrophils primed with Iymph from HTS animais demonstrated 

signifieantly less superoxide release eompared to that from RL eounterparts111.216,217. In 

vivo, PMNs from HTS-resuseitated hemorrhagie swine also demonstrate redueed 

intraeellular superoxide burst as eompared to those from RL eounterparts 114. 

As with reaetive oxygen speeies, the release of proteolytie enzymes during 

neutrophil degranulation is also altered by hypertonicity. While some studies indieate a 

potentiating effeet of hypertonieity for elastase release upon neutrophil aetivation218 , 

more reeent evaluations find that hypertonieity, at clinieally relevant levels, blunts the 

enzyme's release, providing hypertonie exposure precedes both neutrophil priming and 

activation 193.219. 

While hypertonieity blunts PMN eytotoxieity, its effeet on other PMN funetions 

sueh as phagoeytosis is equivoeal. Some studies report ehaneed phagoeytie funetion 

whilst others find hypertonicity attenuates phagoeytosis 191,214,189,194. 

The moleeular biology behind the effeets of hypertonie saline on neutrophils has 

been investigated by several groups. Neutrophil shrinking by eytoskeletal shape 

changes that occur upon exposure to hypertonie environments may be at the basis of 

altered PMN funetion. PMN eytosol, relatively hypotonie in physiologie conditions, loses 

water to equalize osmolality with the hypertonie interstitial milieu. Cellular shrinkage and 
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loss of intracellular water causes a reorganization of the neutrophil's cytoskeleton 

inducing actin fiber polymerization to accommodate the new cell shape215. Interestingly, 

actin polymerization and cytoskeletal rearrangement are known to also be critical events 

necessary for converting a rolling neutrophil into one firmly adherent to endothelium220. 

Indeed, the differential expression of PMN and endothelial surface adhesion molecules 

responsible for conformational change (rolling to adherence) is partly controlled by 

cytoskeletal structure. Hence, the cellular cytoskeleton is not a passive matrix but rather 

a complex frame, anchoring membrane bound receptors and signaling kinases and 

providing channels for vesicular and protein trafficking221-223. Adequate cellular signal 

transduction is impaired without a functioning cytoskeleton. HTS mediated changes in 

cytoskeletal organization may thus modify normal signaling component relationships and 

result in dysfunctional signal transduction. In fact, HTS alters the phosphorylation of 

specific signal transduction kinases, those of the mitogen activated protein kinase 

(MAPK) family. In particular, (MAPK) p38, which appears to function as an 

osmoreceptor in human neutrophils, has been shown to become weakly phosphorylated 

upon exposure to hypertonicity224. MAPK p38 is known to significantly contribute to 

cellular activation, participating in the intracellular cascade regulating stress activated 

signal transduction225. Interestingly, in vitro experiments demonstrate that while HTS 

weakly activates MAPK p38, it also completely prevents subsequent MAPK p38 

activation by standard activating agents such as lipopolysacharide (LPS) or fMLp225,226. 

Furthermore, phosphorylation of MAPK p38 has been consistently associated with 

upregulation of neutrophil adhesion molecules. While LPS or PAF cause considerable 

kinase activation and PMN CD11 b expression, kinase phosphorylation and integrin 

expression with these agents is reduced to less than half with prior exposure to 

HTS225,227. As with kinase activation, HTS alone also upregulates PMN integrin 

expression, but to a very mi Id degree. These studies th us suggest that the weak 
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MAPKp38 activation by hypertonicity renders the neutrophil refractory to other stimuli 

without inducing a functional cellular response nor upregulating its CD11 b expression. 

ln parallel to these studies, another set of investigations evaluating the cytotoxic 

response of PMNs has shown that while fMLP and PAF neutrophil activation results in a 

considerable release of superoxide and elastase, prior exposure to mildly hypertonic 

media (10-20 mM) results in significant inhibition of fMLP/PAF-mediated 

cytotoxicity226,227. In the same experimental conditions, western blot analysis reveals that 

PAF activation of MAPK p38 is reduced by half if PMNs are similarly preincubated with 

clinically relevant hypertonicity levels227
. Complementary experiments demonstrating 

that HTS blunts fMLP but not PMA-mediated PMN superoxide release further suggest 

that HTS affects the signal transduction cascade distal to the receptor responsible for 

ROS production (NADPH), as PMA activation is receptor-independenf27
,228. These 

findings relating PMN cytotoxicity and adhesion molecule expression to alterations of 

MAPKp38 by HTS are further complemented by studies on PMN actin polymerization. 

Ciesla and colleagues report that clinically relevant levels of HTS cause a 30% increase 

in PMN F-actin polymerization while fMLP stimulation causes a 100% increase. 

Exposure to HTS prior to fMLP stimulation completely abrogates fMLP increases215
. 

Again. this data suggests that while HTS itself weakly polymerizes neutrophil 

cytoskeletal actin, it renders the cytoskeleton completely unresponsive to full 

polymerization by activating agents. 

Hence, taken together this data suggests that HTS reorganizes the actin 

cytoskeleton of neutrophils to astate unfavorable for MAPK p38 activation which is 

otherwise necessary for CD11 b upregulation and ROS/proteolytic enzyme release. This 

attractive paradigm as the molecular mechanism of HTS immune benefits may be an 

oversimplification, as recent experiments have demonstrated independent alterations in 

cellular exocytosis following HTS-related changes in neutrophil cytoskeletal shape229
. 
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Whether HTS-mediated cytoskeletal modifications alter PMN structure and function 

primarily through dysfunctional signal transduction or peptide trafficking remains to be 

seen, and wililikely be clarified in future studies. 

1.7.4 Hypertonie Saline and Other CeUs 

Immune modulation by hypertonie saline has also been evaluated on cells other 

than neutrophils. T lymphocytes were the first leukocytes to demonstrate functional 

alterations by hypertonie saline. T-cell suppression by certain stimuli was reversed by 

exposure to hypertonie saline, causing augmented lymphocyte proliferation and 

enhanced ce Il mediated immunit/30-232. In vivo hemorrhagic shock studies later 

confirmed proliferation of CD4+ cells and natural killer cells if HTS had been used for 

resuscitation233. HTS may also affect platelet function by reducing their adhesiveness 

and ability to form a hemostatic plug234.235. Endothelial cells exposed to hypertonie saline 

demonstrate reductions in adhesion molecule expression as discussed above. HTS may 

additionally cause increased EC PGI2 production through increased cyclo-oxygenase 

enzyme activit/36.237. Little is known about the effect of hypertonicity on macrophages 

but in vitro studies demonstrate that with prior hypertonie incubation macrophage 

activation results in increased IL-10 release and suppressed TNFa production238.239. 

1.7.5 Proteetive Effeets of Hypertonie Saline on End Organs 

While hypertonie saline exposure clearly alters the structure and function of 

neutrophils, endothelial cells and several other microcirculatory components, the key 

question is whether these effects translate into changes in inflammation-mediated tissue 

in jury in end organs. Several animal models have demonstrated reductions in neutrophil 

tissue sequestration by HTS resuscitation. Pancreatitis rat models have shown reduced 

lung myeloperoxidase (MPO) activity, a marker of total neutrophil tissue content if HTS 
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was used instead of NS for resuseitation210. In the sa me study, HTS animais also 

demonstrated reduced protein leakage in broneoalveolar lavage (BAL) fluid, diminished 

lung edema, and attenuated histologie lung in jury eompared to NS eounterparts. An 

animal model using intermittent infrarenal aortie eross-clamping to cause lower torso 

isehemia/reperfusion also demonstrated diminished pulmonary MPO, edema and 

histologie in jury, with HTS administration prior to reperfusion240. In the same study, 

measurement of liver transaminases revealed better hepatie funetion in HTS animais 

eompared to isotonie eontrols. In a hepatie isehemia/reperfusion study, Oreopoulos et al 

also showed hypertonie saline-mediated reduetions in liver transaminase levels but 

additionally found diminished histologie in jury in the livers of the same animais 195. 

End organ benefits from hypertonie resuscitation are also seen following 

resuscitation of hemorrhagie shoek. Moreover, improved survival of hypertonie saline 

resuseitated animais has been shown in certain hemorrhagie shock studies 188.241. In 

hemorrhaged rodent models, numerous authors report diminished BAL neutrophil 

sequestration, lung permeability and lung MPO, following HTS resuscitation. 

Concurrently they demonstrate diminished lung histologie in jury from hours 115.241 to days 

after resuscitation in these animais 187.242.243. Furthermore, PMNs taken from these same 

HTS resuscitated animais, were found to produee 60% less superoxide than those from 

RL eounterparts 187. In similar studies, HTS resuscitation also resulted in improved small 

bowel histologie morphology eompared to that in isotonie resuscitated eontrols244.245. 

Two-hit models, where hemorrhagie shoek is subsequently followed by an infectious 

second insult, further underseore persistent end-organ benefits by HTS resuscitation. 

Rizoli and eolleagues deseribe a model where hemorrhaged rats were resuscitated with 

either RL or HTS and subsequently reeeived intra-traeheal LPS as a second hit109. In 

this elegant study they demonstrated how, eompared to RL-resuscitation, HTS 

diminished lung MPO, BAL protein leakage and PMN sequestration, diminished PMN 
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and endothelial adhesion molecule expression and reduced histologic lung injury109. 

These results from a two-hit model were confirmed by subsequent studies from the same 

authors 110 and others using caecal ligation and puncture (CLP) as an alternate second 

hit188. In this and other models, gut mucosal bacterial translocation and the resultant 

bacteremia occurring with isotonic hemorrhagic shock resuscitation was concomitantly 

reduced with HTS resuscitation 188,233,242,245,246. 

Clear evidence exists that resuscitated hemorrhagic shock can result in 

disregulated activation of the host inflammatory response, in part through tissue in jury 

caused by the inappropriate activation of PMNs resulting in their indiscriminate release of 

toxic metabolites. Small volumes of hypertonic saline instead of standard isotonic 

crystalloid resuscitation not only restore hemodynamic parameters efficiently, but also 

appear to blunt the exuberant inflammatory response, specifically altering the structure 

and function of activated neutrophils. Both in vitro and ex-vivo studies exist supporting 

the immune modulating effects of hypertonic saline resuscitation, but few analyses have 

linked this data to in vivo investigations. 

General Hypothesis 

Compared to lactated Ringer's, hypertonic saline resuscitation diminishes in vivo 

the activation of neutrophils and endothelial cells resulting in their reduced interactions 

and in the aUenuation of tissue in jury following hemorrhagic shock. 
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Specifie Objectives #1 

1. To establish a murine model of resuscitated hemorrhagic shock allowing in vivo 

evaluation of cremaster microcirculation by intravital microscopy. 

2. To compare short-term leukocyte rolling and adhesion to endothelium before, during 

and up to 90 minutes after either hypertonic saline or lactated Ringer's resuscitation 

of hemorrhagic shock. 

3. To compare venular permeability in the same animais' microcirculatory bed after 

either hypertonic saline or lactated Ringer's resuscitation of hemorrhagic shock 

Specifie Objectives #2 

1. To establish a two-insult murine model where severe resuscitated hemorrhagic shock 

(1 st insult) is followed by a mimicked pulmonary infection (2nd insult) one hour later. 

2. To compare in vivo neutrophil adhesion to endothelium hours after resuscitation with 

either lactated Ringer's or hypertonic saline in a two-insult hemorrhagic shock model. 

3. In the same animais, to concurrently compare lung sequestration of neutrophils one 

day after resuscitation with either lactated Ringer's or hypertonic saline in two-insult 

conditions. 

4. In the same animais, to concurrently evaluate with histologic analysis the degree of 

neutrophil margination and transmigration occurring in lung 24 hours after 

resuscitation with either lactated Ringer's or hypertonic saline in two-insult conditions 

Specifie Objectives #3 

1. T 0 determine if attenuation of in vivo neutrophil-endothelial interactions persist a day 

after resuscitation with hypertonic saline in a two-insult hemorrhagic shock model. 

2. To determine if in vivo reduction of microvascular permeability persist 22 hours after 

resuscitation with hypertonic saline in a two-insult hemorrhagic shock model. 
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3. To evaluate differences in soluble ICAM-1 plasma levels one day after resuscitation 

with either lactated Ringer's or hypertonie saline in two-insult conditions. 

4. In the same animais, to concurrently compare lung and cremaster parenchymal 

tissue in jury one day after resuscitation with either lactated Ringer's or hypertonie 

saline in two-insult conditions. 

Specific Objectives #4 

1. To establish if attenuation of neutrophil adherence to endothelium by hypertonie 

saline is the principal mechanism by which it improves pulmonary in jury after 

hemorrhagic shock. 

a. To compare resuscitation with hypertonie saline alone and with RL 

supplemented with anti PMN adhesion blockade (by monoclonal antibodies 

against PMN CD11 band endotheliaIICAM-1). 

b. In these conditions, to evaluate if RL supplemeted with anti-PMN adhesion 

blockade is able to reproduce the immune effects of HTS with respect to: 

i. Early neutrophil rolling and adhesion to endothelium in vivo 

ii. Early microvascular permeability in vivo 

iii. One day functional behavior of live animais 

iv. One day neutrophillung sequestration 

v. One day lung and cremaster histologie in jury 
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Preface to Manuscript #2 

Despite several in vitro and ex vivo reports of reduced adhesion molecule 

expression by neutrophils and endothelial cells exposed to hypertonie saline, few 

hemorrhagic shock models have evaluated live neutrophil interactions with endothelium 

immediately after resuscitation. Furthermore, no previous investigation comparing HTS 

to standard resuscitation regimens has assessed whether these altered EC/PMN 

interactions result in differences in the live permeability of the microvasculature. In the 

2nd manuscript we demonstrate how, immediately after hemorrhagic shock resuscitation 

with hypertonie saline, in vivo neutrophil rolling and adhesion to endothelium as weil as 

concurrent microvascular permeability are attenuated in comparison to that observed in 

RL-resuscitated counterparts. 
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Mini-abstract 

7.5% hypertonie saline was compared to Ringer's lactate and sham resuscitation in a 

murine model of hemorrhagic shock studying cremaster muscle with intravital 

microscopy. Compared to Ringer's lactate and sham, hypertonie saline resuscitation 

diminished in vivo vascular leakage and was associated with diminished neutrophil 

rolling and adhesion to endothelium. 

Structured Abstract 

Background: The polymorphonuclear neutrophil (PMN) has been implicated in the 

pathogenesis of endothelial cell (EC) damage and organ in jury following hemorrhagic 

shock. Compared to Ringer's lactate (RL), hypertonie saline (HTS) resuscitation 

diminishes PMN and EC adhesion molecule expression and organ sequestration of 

PMNs. 

Objective: To evaluate the in vivo effects of HTS-resuscitation on EC-PMN interactions 

and vascular permeability after hemorrhagic shock. 

Methods: ln a murine model of hemorrhagic shock (50mmHg for 45minutes followed by 

resuscitation) using intravital microscopy on cremaster muscle, we studied PMN/EC 

interactions and vascular leakage (epifluorescence after 50mg/kg IV fluorescent albumin) 

in three resuscitation groups: HTS (shed blood + 4cc/kg 7.5%HTS, n=12), RL (shed 

blood + RL [2X shed blood volume], n=12) and SHAM (No hemorrhage or resuscitation, 

n=9). EC ICAM-1 expression was evaluated by immunohistochemistry. Data, presented 

as mean ± SEM, were evaluated by ANOVA with Bonferroni correction. 

Results: There were no differences between groups in flow mechanics. Compared to 

RL, HTS animais (T=90minutes) displayed diminished PMN rolling (95.3±19.8 vs 

34.2±13.3 PMN/2min, p=O.03) and PMN adhesion to EC (14.3±3.1 vs. 2.9±O.8 
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PMN/5min, p=0.002) at time intervals beyond T=O. There were no differences between 

the SHAM and HTS groups. Vascular leakage was 45% lower in HTS than in RL

resuscitated animais (p<0.01). Cremaster EC ICAM-1 expression was similar in the two 

groups. 

Conclusion: Using HTS instead of RL to resuscitate hemorrhagic shock diminishes 

vascular permeability in vivo by altering PMN/EC interactions. HTS could serve as a 

novel means of immunomodulation in hemorrhagic shock victims, potentially reducing 

PMN-mediated tissue in jury. 

70 



Over thirty years ago, the Vietnam War established the current standard use of 

isotonie crystalloid fluids (normal saline [NS] and lactated Ringer's [RL]) for the 

resuscitation of hemorrhagic shock. Subsequent studies have demonstrated that 

crystalloids represent an effective and inexpensive means to restore intravascular 

volume and additionally offer a survival advantage over colloids in the resuscitation of 

traumatic hemorrhagic shock (1). 

More recently, "small volume resuscitation"(2) with 4ml of 7.5% NaCI per kg 

body weight of hypertonie saline (HTS) has been proposed in the treatment of 

hemorrhagic shock. Whereas isotonie fluid administration requires large volumes, 

hypertonie resuscitation offers the advantages of ease of transport, speed of 

administration and almost instantaneous hemodynamic effect. The intravascular 

administration of 7.5% NaCI rapidly creates a potent transcapillary osmotic gradient 

causing intravascular movement of water from the interstitium, endothelial cells (ECs), 

and red blood cells, a process that cou Id potentially reduce third space fluid 

sequestration in the lungs of patients with traumatic pulmonary contusions or in the brain 

following head trauma(3). Early animal studies showed that HTS-resuscitation rapidly 

restored mean arterial pressure (MAP), peripheral tissue perfusion, cardiac contractility 

and oxygen consumption, mainly through vasodilatation of precapillary resistance 

vessels and increases in cardiac preload (5, 6). Although large multicentric randomized 

human clinical trials subsequently confirmed that HTS-resuscitation was safe and 

efficacious, they failed to demonstrate a clear survival advantage over standard isotonie 

resuscitation (4, 33). Nonetheless, one multicentric randomized control trial has 

demonstrated fewer post-resuscitation complications such as ARDS, renal failure and 

coagulopathies, with the use of HTS (4). 

Many of the complications following the resuscitation of hemorrhagic shock may 

be related to alterations in host immunity. In particular, the polymorphonuclear 
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neutrophil (PMN), one of the principal host immune effector cells, has been implicated in 

the development of organ dysfunction and death following sepsis, burns, multiple trauma 

as weil as hemorrhagic shock resuscitation (8-10). Although the PMN is essential in 

protecting the host from traumatic and infectious insults, it may also turn its pote nt 

defenses inappropriately against the host, activated by, and contributing to the severity 

of in jury. 

The sequential events in the passage of PMNs from the vasculature to their sites 

of action have been weil characterized. First marginating to the periphery of the vessel, 

the PMN rolls on the vessel wall, interacting with ECs through surface selectins (L, E and 

P) (11). These weak interactions allow PMN f3rintegrins (CD18/CD11) to strongly 

interact with endothelial receptors of the Ig superfamily (ICAM-1, ICAM-2) (12), resulting 

in firm adhesion of the two cell types, and permitting subsequent PMN diapedesis 

between endothelial cells to reach the injured site (13). 

The inappropriate upregulation of these PMN/EC interactions in the 

ischemia/reperfusion in jury of hemorrhagic shock-resuscitation is believed to be an 

important step in the host's progression to systemic inflammation and subsequent 

remote organ in jury. There are data suggesting that activated PMNs are then 

sequestered in end organs where they unleash a cytotoxic arsenal of proteases and 

oxygen radicals causing in jury to endothelium resulting in vascular leakage, tissue 

edema, and eventually organ damage (8,10,14). 

Much evidence now exists demonstrating that HTS-resuscitation of hemorrhagic 

shock alters PMN activity. When human PMNs are incubated in hypertonic media, they 

display decreased phagocytosis, cytotoxicity, cellular activation and superoxide 

production (16-19). In vivo studies have shown that both neutrophil and endothelial 

adhesion molecule expression is reduced in HTS-resuscitated animais as compared to 

those receiving RL (15, 20, 22). These alterations in adhesion molecules suggest that 
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HTS may impart functional changes in PMNs and ECs. More importantly, animal models 

of hemorrhagic shock resuscitated with HTS have shown reductions in lung and liver 

in jury, diminished bronchioalveolar lavage PMN and diminished pulmonary 

myeloperoxidase (MPO - total PMN content) as weil as decreases in mortality (15, 21, 

23). 

Models of hemorrhagic shock-resuscitation studied with intravital microscopy 

suggest that the beneficial effects of HTS may be due to altered EC-PMN interactions 

(24-26). However, the consequences of such altered EC-PMN interactions following 

HTS-resuscitation of hemorrhagic shock remain elusive and the link to altered adhesion 

molecule expression and to subsequent tissue edema is unclear. We thus hypothesized 

that through diminished endothelial ICAM-1 expression, HTS-resuscitation of 

hemorrhagic shock lessens venular EC-PMN interactions, leading to decreased in vivo 

vascular leakage in remote organs. We tested this hypothesis in a murine model of 

resuscitated hemorrhagic shock using intravital microscopy of cremaster muscle. 

Methods 

Materials and solutions 

Sodium chloride (0.9% NaCI) and RL solutions were purchased from Baxter 

Corporation (Toronto, Canada), 2-methylbutane (isopentane) and frozen tissue 

embedding medium (Histo PrepTM) from Fisher Scientific Ltd. (Montreal, Canada), 5% 

NMS mouse serum from Dako Diagnostics Canada Inc. (Mississauga, Canada), heparin 

(10 000 USP units/ml) from Organon Teknika (Toronto, Canada) and bovine fluorescein 

isothiocyanate (FITC)-Iabeled albumin and 0.5% BSA from Sigma Chemicals (St-Louis, 

MO). The anesthetics used were ketamine from Wyeth-Ayerst (Guelph, Canada) and 
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xylazine from Bayer (Etobicoke, Canada). The monoclonal antibodies used were 

hamster anti-mouse CD54 3-E2 (primary, 1 :50 dilution) and biotin conjugated mou se 

anti-hamster IgG cocktail (secondary, 1 :50 dilution) from BD Pharmigen Inc. 

(Mississauga, Canada). Tris buffer [50mmol/L Tris/HCI, 150 mmol/L NaCI, pH 7.6], 

0.03% H20 2 solution, buffered bicarbonate solution (BBS) [NaCI 132 mM, KCI 4.7 mM, 

CaCI2 2 mM, MgCI2 1.2 mM, NaOH 18mM, pH 7.4] and HTS [7.5% NaCI in dH20] were 

prepared in our laboratory. 

Intravital microscopy model 

Approval for these studies was obtained from the McGili University Animal Care 

Committee. CD1 male mice (Charles River: St-Constant, Canada), 25-30gm, were fed 

ad libitum and housed in standard care facilities for 3-5 days prior to study. Acclimated 

mice were anaesthetized by intra-peritoneal injection (xylazine = 6.7mg/kg, ketamine = 

13.4mg/kg) and the right internai jugular vein and carotid artery were cannulated with 

polyethylene (PE)-10 tubing. The internai jugular vein catheter was used for 

administration of resuscitation fluids, FITC-Iabeled albumin, and intermittent 501J1 boluses 

of xylazine/ketamine solution as required to maintain anaesthesia. Blood pressure was 

monitored continuously through a pressure transducer (Living Systems Instrumentation: 

Burlington, VT) connected to the carotid artery catheter. 

After closing the cervical incision, the mouse cremaster was prepared for 

intravital microscopy as described previously (27). Briefly, a longitudinal incision was 

made in the scrotal tissue, and the cremaster muscle exteriorized and dissected free of 

the testicle and epididymis. The cremaster was fixed to a plexiglass stage at five points 

with 4-0 silk and continuously pertused with thermostat-controlled (37 0 C) BBS for the 

remainder of the experiment. The stage was placed on a Nikon TE 300 inverted 
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microscope (Nikon Canada: Montreal, Canada), and the tissue was imaged at 2120X 

magnification. 

Non-branching post-capillary venules (PCVs) of 20-40llm diameter were 

evaluated for the velocity of blood flow at their center (VRBd using an optical Doppler 

velocimeter (Microcirculation Research Institute: College Station, TX), and were 

considered suitable only if VRBC was 2.0-4.0 mm/sec. Live microscopic images were 

captured with a high definition black and white video camera (CCD High Performance 

Camera, COHU, San Diego, CA), transferred to a monitor (Trinitron Color monitor -

SSM-14NE, Sony: Toronto, Canada), and recorded on videotape with a video recorder 

(VR564, RCA: Toronto, Canada) for subsequent analysis without knowledge of treatment 

groups. A video Time-Date Generator (model WJ-810, Panasonic: Toronto, Canada) 

projected the time, date, and stopwatch function onto the monitor at ail times. A 

temperature probe (Bio Medic Data Systems, Seaford, DE) introduced subcutaneously 

after cannulation of vessels was used to measure temperature intermittently. Body 

temperature was maintained at 37 0 C with a radiant heat lamp throughout the study 

period. Ali animais were sacrificed by xylazine/ketamine overdose followed by cervical 

dislocation at the completion of experiments. 

Experimental protocol and randomization of study groups 

Hemorrhagic shock was induced by withdrawing blood fram the carotid artery 

catheter over 10 to 20 min with a tuberculin syringe previously flushed with 25 U heparin 

until MAP reached 50 mmHg. Hypotension was maintained for 45 minutes, by further 

blood withdrawals if MAP rose above 50 mmHg, or by re-infusions of 0.05 ml of 

withdrawn blood if MAP fell below 40 mmHg. The syringe containing the withdrawn 

blood was placed in a warmed (37 0 C) shaker (Roto Mix, BarnsteadlThermolyne: 
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Dubuque, lA) until reinfusion. After 45 minutes of hypotension, the animais were 

resuscitated using the regimen randomly assigned prior to anaesthesia. 

The 33 mice were randomized to one of three resuscitation regimens. In the HTS 

group, 12 mice were resuscitated with 4cc/kg of 7.5% hypertonie saline immediately 

followed by the entire volume of withdrawn blood. In the RL group, 12 mice were 

resuscitated with lactated Ringer's, infusing twice the volume of withdrawn blood, 

immediately followed by the withdrawn blood itself. Both fluid regimens have been 

demonstrated to adequately resuscitate mice after such hemorrhagic shock (23, 28). 

The SHAM group, composed of 9 mice, underwent vascular cannulation and cremaster 

preparation but was not subjected to hemorrhage or resuscitation. Once resuscitated, 

both RL and HTS mice were studied for sequential EC-PMN interactions using video 

recordings and epiluminescence. Post-mortem, the cremaster was prepared for 

immunohistochemistry as outlined below. 

Quantification of EC-PMN interactions 

Seven-minute video recordings of each animal's microvasculature were captured 

at the following time intervals: baseline (BL) [prior to hemorrhage and 30 minutes after a 

stabilization period following the completion of surgery), during hypotension (Iowbp), 

immediately after resuscitation (T=O), every 15 minutes during the subsequent hour 

(T=15, 30, 45, 60) and 90 minutes after resuscitation (T=90). These recordings were 

subsequently played back off line and EC-PMN interactions assessed without prior 

knowledge of treatment. 

We measured central vessel flow velocity (VRBd using Doppler velocimetry, and 

calculated mean velocity (VMEAN ) from VRBC using the formula: VMEAN = VRBC/1.6. Shear 

rate (y), in sec-1
, was calculated using the formula: y = 8 X (VRBClDv), where Dv is the 

venular diameter measured directly off line using cali pers. Shear stress was calculated 
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using the formula: shear stress = 0.25 X shear rate. PMNs were not labeled with 

fluorescent markers that could affect their adhesive properties and, as available 

evidence suggests, ail leukocytes visualized were considered to be PMNs (29). 

Neutrophil rolling was defined as the number of neutrophils crossing a line perpendicular 

to the long axis of the vessel, that were moving at a rate slower than erythrocytes over a 

period of two minutes. Rolling velocity was calculated as the mean transit time of ten 

neutrophils over a given 100 Ilm length of post-capillary venule and was expressed in 

Ilm/second. Neutrophil adherence was defined as the number of cells stationary for a 

minimum of 30 seconds in a 100 Ilm length of venule during a five-minute period and 

pre-adherence was defined as the number of immobile neutrophils in the same 100 Ilm 

vessel section at the initiation of counting. Total neutrophil adherence was the sum of 

neutrophil adherence and pre-adherence for a given sample. 

Fluorescent quantification of vascular permeability 

Ninety minutes after resuscitation and following the completion of ail video 

recordings, 50 mg/kg of fluorescein isothiocyanate (FITC)-Iabeled bovine serum albumin 

were injected intravenously through the jugular catheter. Fifteen minutes later, 

epiluminescence microscopy was performed using a fluorescence source powered by a 

high-pressure mercury lamp (HB 10103AF, Nikon Canada: Toronto, Canada). Using a 

high definition black and white video camera (CCD High Performance Camera, COHU: 

San Diego, CA) moving images were transferred to a computer (Dimension XPS B866r, 

Dell Canada: Toronto, Canada) and captured by a frame grabber from Scion Image 

processing software (Scion Image for Windows, Scion Corporation: Frederick, MD). 

Using a frozen digital image of the fluorescent post-capillary venu le, gray levels [0 

(black) to 256 (white)] were measured in three equal areas within the venule (venular 
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intensity, Iv), as weil as three separate equal areas in the perivenular space (perivenular 

intensity, Ip) (Figure 6). Using the means of Ip and Iv measurements, vascular leakage 

(permeability index, PI) was calculated with the formula Ip / Iv =PI. Thus, the degree of 

luminescence 'Ieaking' out of the vessel created by leakage of a fluorescent 

macromolecule (albumin) was use as a marker of the loss of integrity (permeability) of 

the given vessel wall. 

Cremaster endothelial cell expression of ICAM-1 

Following ail recordings and fluorescent evaluations and prior to sacrifice, the 

cremaster was delicately resected, placed in embedding medium, snap frozen in 

isopentane submerged in liquid nitrogen and stored at -BO°C. Five flm-thick frozen 

sections were cut on a cryostat, stained with hamster anti-mouse ICAM-1 mAb 3E2, 

washed and stained with biotinylated mouse anti-hamster IgG cocktail. After further 

rinses with Tris-buffer, the si ides were developed using a standard DAB detection kit 

(Venta na Basic DAB Detection Kit, Ventana Medical Systems Inc.: Tucson, AZ), and 

counterstained with haematoxylin for 4 minutes. After mounting, the slides were 

examined at a magnification of 250X and graded semi-quantitatively for intensity of 

vascular endothelial cell ICAM-1 expression by one of us (RPM) without prior knowledge 

of treatment group, using the following scale: no staining [0], weak staining [1], 

moderate staining [2] and strong staining [3]; ten vessels per slide were graded and a 

mean grade calculated for each animal (30). 

Systemic total white blood cell and PMN counts: 

Four hundred fll of blood removed by cardiac puncture prior to animal sacrifice 

were used for hemoglobin, white blood cell count and differential determination. The 
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Royal Victoria Hospital hematology laboratories performed these analyses using an 

Advia Hematology System (modeI120, Bayer Systems: Hialeah, FL). 

Statistical Analysis: 

Ali data are presented as mean ± standard error of the mean (SEM) unless 

otherwise stated. Differences between groups were compared using analysis of 

variance with Bonferroni correction with Systat 8 data analysis software (SPSS, Chicago, 

IL). Probabilities < 0.05 were deemed statistically significant. 

Results 

Vascular and hemodynamic mechanics 

Measurements of VRBC , VMEAN , shear rates and shear velocities in the three groups and 

at ail time intervals (except during hypotension) were not statistically different (p>0.05) 

(Table 1). Ali groups displayed similar PMN rolling, PMN rolling velocity and PMN 

adherence at baseline (BL) as weil as during hypotension (Iowbp) (Figures 2, 3 and 5). 

Post-capillary venular 

Blood Pressure diameter (range 20.0 -

160 39.0 IJm, mean 27.11 ± 

120 
t * * H Cl 

~~ ~ ::z:: 
E 80 
E 

0.23 j.Jm), duration of 

hypotension, (mean 45.1 

40 ~RL ± 3.2 minutes), 
~SHl\M 

0 
BL lowbp T=O T=15 T=30 T=45 T=60 T=90 

withdrawn blood volume 

Time post-resuscitation (min) (mean 485.3 ± 81.56 j.J1) 

FIGURE 1: Compared to the two resuscitation groups, SHAM animais had and post mortem 
a significantly higher blood pressure 30 min after resuscitation and 
thereafter. Values are expressed as mean (mm Hg) ± SEM. *SHAM vs either 
HTS or RL: p<0.05, tSHAM vs either HTS or RL: p<O.OO 1. There were no 
significant differences between HTS and RL at any time point. 



Table 1. MICROVASCULAR MECHANICS 

V RHC 

SHAM 
RL 
HTS 

V MEAN 

SHAM 
RL 
HTS 

Shear rate 
SHAM 
RL 
HTS 

Shear stress 
SHAM 
RL 
HTS 

Baseline Hypotension 

3.01±O.70 
3.58±1.24 
3.18±1.05 

1.88±OA4 
2.23±O.68 
1.99±O.51 

O.59±O.15 
O.65±0.24 
O.58±O.19 

O.14±O.04 
O.16±O.06 
O.14±O.05 

2.90±O.55 
1.82±O.65** 
1.75±O.25** 

1.81±O.34 
1.13±O.37** 
1.09±O.15** 

O.57±O.11 
O.35±O.13** 
O.33±O.09** 

O.14±O.03 
O.08±O.03** 
O.08±O.02** 

T=O 
minutes 

2.98±O.70 
3.21±1.16 
3.63±O.93 

1.86±OA4 
2.00±OA9 
2.27±OA8 

O.59±O.14 
O.60±O.22 
O.67±O.21 

O.15±O.04 
O.15±O.05 
O.17±O.05 

T=15 
minutes 

3.09±O.61 
2.97±O.71 
3.36±1.02 

1.93±O.38 
1.86±OA4 
2.IO±O.56 

O.61±O.11 
O.55±O.16 
O.61±O.20 

O.15±O.03 
O.14±O.04 
O.15±O.05 

T=30 
minutes 

3.05±O.64 
2A8±O.63 
3.08±1.04 

1.90±OAO 
1.55±O.37 
1.92±O.53 

O.60±O.12 
OA7±O.15 
O.55±O.15 

O.15±O.03 
O.12±O.04 
O.14±O.04 

T=45 
minutes 

2.92±O.56 
2.57±O.55 
2.75±O.94 

1.82±0.35 
1.60±O.28 
1.72±0.43 

O.57±O.11 
0.48±O.12 
0.49±O.13 

O.14±O.03 
O.12±O.03 
O.12±O.03 

T=60 
minutes 

2.77±O.57 
2.47±O.86 
2.67±O.94 

1.72±O.35 
1.54±OA8 
1.67±O.25 

O.54±O.12 
OA6±O.16 
0.47±O.13 

O.14±O.03 
O.II±O.04 
O.12±O.03 

T=90 
minutes 

2.65±OA7 
2.31±O.80 
2.36±O.69 

1.66±O.29 
IA4±O.32 
IA7±O.14 

O.53±O.11 
0.42±O.12 
O.39±O.IO 

O.13±O.03 
O.IO±O.03 
O.IO±O.03 

Exœpt tor the hypotensive period, centralilow velocity (VRBd, mean tlow velocity (VMEAN ), vesse! shear rates and shear stress showed no statistical ditTerences 
between groups. Ali results are shown as mean ± SD, and unless otherwise stated. p>O.05 for ail comparisons between groups. 
"SHAM vs either RL or HTS: p<O.OI. 

hemoglobin values (mean 111.6 ± 34.1 g/L) were similar in ail groups (p>0.05 for ail 

comparisons). RL-resuscitated animais took longer to resuscitate than HTS animais 

(20.3 ± 7.5 vs. 12.6 ± 4.2 minutes respectively, P=0.01), but no differences between 

groups were found in the time it took to hemorrhage animais (mean 7.93 ± 3.9 minutes). 

HTS and RL groups displayed similar blood pressures (p>0.05) at ail time points, but 

SHAM mice had significantly higher blood pressures than both HTS and RL animais 

during the hypotension time point and onwards from 30 minutes following resuscitation 

PMN Rolling 

HTS ___ RL --i::r- S H Afv1 

120 

60 

o 
BL lowbp T=O T=15 T=30 T=45 T=60 T=90 

Time post-resuscitation (min) 

FIGURE 2: RL animais displayed more rolling neutrophils than either HTS or 
SHAM groups. Values are expressed as me an number ofrolling neutrophils per 
2-minute period ± SEM. **RL vs SHAM ooly: p<O.05, ;RL vs either HTS or 
SHAM: p<O.05. There were no significaot differences between HTS and 
ç;;w A 1\A ~t <:ln" t1tn,:::o nnint 

(see figure 1). 
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than half the number of rolling 

neutrophils seen in RL-

resuscitated animais at ail time 

points following resuscitation. 

RL-resuscitated animais had a 

three-fold greater number of 

FIGURE 3: As compared to HTS and SHAM, RL animais had higher 
numbers of neutrophils adhering to endothelial cells. Values are expressed as 
mean number of stationary PMN on a given 100l1m vessel length ± SEM. 
**RL vs SHAM only: p<0.05, tRL vs either HTS or SHAM: p<0.05. There 
were no significant differences between HTS and SHAM at any time point. 

rolling neutrophils than SHAM 

animais. (Figures 2 and 4) 

PMN rolling was similar in the 

SHAM and HTS groups (p>0.05 at ail time points). Total neutrophil adherence to 

endothelium was similar in HTS and SHAM groups throughout the time points, but after 

fifteen minutes, adherence levels in RL-animals increased significantly, to almost four 

times those observed in SHAM and HTS at T=60 (Figures 3 and 4). PMN rolling velocity 

tended to be greater in both HTS and SHAM as compared to RL at ail time points 

following resuscitation (Figure 5). Although during hypotension, both resuscitated 

groups had neutrophil rolling velocities that were half those of SHAM animais, these did 

not differ significantly between HTS and SHAM animais in the remaining time points. 

Macromo/ecular leakage in HTS-resuscitated animaIs 

Vascular permeability (PI) was slightly higher in HTS than in SHAM mice (36% ± 0.02 

and 27% ± 0.02, respectively, p=0.03) but both groups displayed significantly less 

leakage than RL mice (66% ± 0.2, p<0.01 vs either HTS or SHAM) (Figures 6 and 7). 

Cremaster ICAM-1 expression in resuscitation groups 

Cremasteric muscle vascular EC expression of ICAM-1 was similar in both HTS and RL 

animais (mean grade 1.69 ± 0.3 and 1.82 ± 0.2, respectively, p>0.05). 
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Figure 4: Representative examples of intravital microscopie images contrasting the lack of PMN rolling 
(arrowhead) and PMN adherence (arrow) in HTS (A) as compared to RL (8) vessels at T=90 minutes after 
resuscitation. 

82 



50 

<J 40 
(1,) 

..!!? c: 
~ 30 
.~ 

E 20 

10 

BL 

PMN Rolling Velocity 

** ** 
Total white blood cell and 

PMN counts 

Both eireulating leukoeyte 

(p<0.05) and neutrophil eounts 
HTS ___ RL 

lowbp T=O T=15 T=30 T=45 T=60 T=90 
(p=0.06) tended to be higher in 

Time post-resuscitation (min) HTS animais (72.1 ± 31.4 and 

FIGURE 5: HTS animais tended to have higher PMN rolling velocities 1.98 ± 0.86, respeetively) than in 
th an RL animaIs. Values are expressed as the mean velocity (flm/s) of 10 
PMNs crossing a given vessel section ± SEM. **RL vs SHAM only: both SHAM (3.16 ± 0.36 and 
p<0.05. There were no significant differences between HTS and SHAM at 
any time point. 0.14 ± 0.08, respeetively) and 

RL animais (14.9 ± 10.14 and 0.28 ± 0.12, respectively). The proportion of cireulating 

leukocytes that were PMNs was similar in ail groups (data not shown). 

Discussion 

For the last two deeades hypertonie 

saline has beeome an inereasingly popular 

resuseitation fluid, showing a trend to 

inereased posttraumatie survival both in the 

early phase « 12 hrs post trauma) and, in 

the late phase (days to weeks after trauma) 

(4,6,7,31-33). 

Vascular Permeability 

OSHAM 

0.6 .RL 

ClHTS 
)( 
(1,) 

" c: * 
~ 0.4 

Jl 
C\'S 
(1,) 

E ... 
0.2 (1,) 

a. 

o 

FIGURE 6: Vascular permeability index (PI) 
(where Ip/lv= PI) is an estimation of vessel leakage 
and was higher in HTS as compared to SHAM 
animais. while RL animais had the highest PI of ail. 
Values are expressed as % permeability index ± 
SEM. i"vs HTS: p<0.05. *vs RL: p<O.O 1. 

83L-____________________________ ~ 



FIGURE 7: Representative examples of fluorescent intravital microscopie images contrasting the low 
leakage of FlTC-labeled album in from post-capillary venu les in HTS (A) compared with RL-resuscitated 
(B) animais. Ip (perivenular Iight intensity) and Iv (venular light intensity) represent regions evaluated for 
fluorescence. 



The early phase effect is believed to be due to a functional increase in cardiac preload, 

primarily by inducing an osmotic fluid shift from the cells and interstitium into the 

vasculature and leading to increases in systemic blood pressure and cardiac output as 

weil as decreases in small vessel capacitance (4, 31). In contrast, the late beneficial 

effects of HTS-resuscitation are unlikely due to simple physiological alterations. The late 

morbidity and mortality of traumatic hemorrhage has been attributed to the "second hit"; 

that is, a relatively less important inflammatory event (pneumonia, aspiration, minor 

surgery) that occurs days to weeks after the traumatic in jury and initiates progression to 

the systemic inflammatory response syndrome (SIRS), organ failure and eventual death 

(34). Clinical and animal studies conducted in the last decade have provided strong 

evidence suggesting that this late effect of HTS-resuscitation is due to an immune 

modulation of leukocytes, in particular neutrophils (21, 35-37). 

We believe that the present study provides novel evidence demonstrating that 

HTS alters interactions between neutrophils and endothelial cells. In the present study 

using a "single-hit" murine model of hemorrhagic shock, resuscitation with hypertonic 

saline specifically diminished the number of rolling and adherent PMN while tending to 

increase PMN rolling velocities; there were no differences in these parameters between 

HTS-treated mice and the SHAM controls. 

The effect of hypertonic saline on PMN/EC interactions has been studied 

previously. In vitro studies of cultured endothelial monolayers demonstrate diminished 

PMN adherence (15), whereas in vivo models of reperfused local pressure-induced 

ischemia display fewer rolling and 'sticking' venular PMNs after pretreatment with HTS 

(38). Using intravital microscopy of pial windows, HTS administration after cerebral 

percussion in jury or systemic thermal in jury also reduced EC-PMN interactions (39, 40). 

Liver intravital microscopy has probably yielded the most exciting findings to date about 

EC-PMN interactions following the differential fluid resuscitation of hemorrhagic shock. 
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Indeed, several studies report decreases in capillary and sinusoidal luminal narrowing 

and improved flow parameters (25, 41-43), as weil as diminished EC-PMN interactions 

(sinusoids and post-sinusoidal venules) in animais resuscitated with hypertonie fluids 

(24-26). Because none of these studies evaluated the effects of HTS alone, but rather 

used hypertonie saline-sugar resuscitation regimens, it is difficult to reach a conclusion 

on the individual effect of HTS. Dextrans and other sugars have been shown to exert by 

themselves powerfu1 anti-adhesive influences on PMNs (44-46). Furthermore, these 

studies in hepatic tissue employ fluorescent labeling of PMNs (rhodamine, acridine 

orange) even though such fluorescent markers are also known to affect the adhesive 

capacities of PMNs (47). Moreover, as liver sinusoids are not lined by typical 

endothelium it may be inappropriate to apply findings from the hepatic microvasculature 

to the rest of the systemic vasculature. An additional difference between the hepatic and 

systemic microvasculatures is that in the former, the possible 'trapping' of swollen and 

stiff PMNs may occur due to the narrowing of sinusoidal passages following crystalloid 

resuscitation (48-50). Thus, while the lung capillary beds may also demonstrate similar 

PMN 'trapping', the liver microvascular architecture may not be representative of other 

systemic capillary beds where presumably PMN arrest and become sequestered by 

standard receptor mediated transmigration. 

Although knowledge about PMN/EC interactions is extensive, there is less 

evidence demonstrating an associated HTS-mediated decrease in vascular permeability 

following hemorrhagic shock resuscitation. HTS given after local pressure-induced 

ischemia reduced in vivo fluorescent dextran leakage, which was correlated with 

diminished EC-PMN interactions (38). A rodent cheek pouch intravital microscopie study 

evaluating vascular leakage in systemic endotoxic shock reported diminished EC-PMN 

interactions and leakage after HTS-resuscitation (51). Following the resuscitation of 

hemorrhagic shock, post mortem studies revealed less radioactive albumin leakage into 
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pulmonary tissue if HTS was used for resuscitation instead of RL (15, 52). Thus several 

studies evaluating multiple ways of creating systemic and local tissue in jury have 

demonstrated concurrent increases in PMN interactions with enmdothelium and loss of 

vascular integrity resulting in more tissue edema. The present study represents the first 

attempt at characterizing in vivo post-capillary venous permeability following 

resuscitation of systemic hemorrhagic shock. Leakage of labeled albumin was evaluated 

with epifluorescence microscopy and revealed almost 50% less leakage if HTS was used 

for resuscitation instead of RL. This enhanced vascular leakage in RL animais rapidly 

reached a plateau after 15-30 minutes, whereas HTS animais never showed a significant 

increase in vascular permeability. Although we cannot establish a direct causal 

relationship between HTS-mediated decreases in EC-PMN interactions and vascular 

leakage, a strong association both chronologically and spacially is evident. 

Much evidence exists supporting HTS-mediated modulation of PMN and EC 

adhesion molecule expression. The in vitro activation of PMNs from HTS-resuscitated 

animais and humans results in diminished L-selectin (15, 20) and CD11 b (15, 18, 19, 37, 

53) expression on the PMN surface. Diminished in vitro endothelial ICAM-1 protein and 

mRNA expression has been reported when LPS activation was followed by incubation in 

HTS (54). In vivo studies evaluating pulmonary and hepatic ICAM-1 mRNA expression 

in HTS-resuscitated animais have also demonstrated diminished receptor levels as 

compared to RL controls (15, 54). Moreover, in another in vivo study, Sun et al (22) 

found diminished splenic ICAM-1 protein expression and diminished pulmonary and 

splenic ICAM-1 gene expression in HTS-treated as compared to RL-treated rats. Our 

experiments, however, did not demonstrate differences in ICAM-1 expression between 

the different resuscitation groups. This could indicate that this adhesion receptor may 

not be the principal target of HTS-mediated effects or that our model did not provide a 

sufficiently strong activating stimulus to produce such effects in the cremaster muscle. A 
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'two-hit' model of hemorrhage followed by an infectious insult (15, 23), for example, may 

have allowed for greater PMN activation and enabled us to demonstrate differential 

adhesion molecule expression. Anima11CAM-1 knockout models and adhesion molecule 

blockade may be more definite methods of establishing the true effects of HTS on ICAM-

1 or other adhesion molecules. An additional evaluation of PMN activation and the 

upregulation of 132 integrins would have better completed the adhesion molecule 

evaluation but was not conducted as ail blood was used for hemoglobin and differential 

anlysis. 

Resuscitation of hemorrhagic shock, particularly when using RL, has also been 

associated with reductions in circulating leukocytes (20). Certain authors suggest that 

this may be the result of increased interactions of PMNs with the vessel wall (21). 

Consequently, it could be argued that fewer EC-PMN interactions secondary to HTS

resuscitation explain higher circulating neutrophil levels. The present study confirmed a 

tendency to neutrophilia in HTS-resuscitated animais and a relative neutropenia in RL

resuscitated animais. 

There are a few potential sources of error in our resuscitated hemorrhagic shock 

model. Since we did not label the circulating PMNs, and since other leukocytes (55) are 

known to interact with endothelium, we cannot be certain that ail interacting leukocytes 

were neutrophils; nevertheless, studies of interacting leukocytes in similar models 

indicate that the vast majority of such visible leukocytes are indeed PMNs (29). We 

chose not to count transmigrated cells as the system we employed did not allow for long 

term air exposure of the delicate tissue. Thus this model cannot confirm that differences 

in adherent and rolling cells were necessarily translated into similar differences in tissue 

transmigration of PMNs in vivo. Animais in the RL group were resuscitated with volumes 

ten-fold greater than the HTS animais in addition to reinfused blood (mean 1.12 ± 0.12 

vs 0.13 ± 0.003 ml, respectively, p<0.001). This large intravascular fluid challenge may 
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have effectively fluid overloaded the animais resuscitated with RL, at least initially, so 

that an additional detrimental mechanical effect on the vessel wall of these animais 

cannot be entirely discounted. Moreover, related to the different resuscitation volumes, 

RL animais took longer to resuscitate than HTS animais, effectively prolonging the 

duration of hypotension and possibly of ischemia. In contrast, HTS and RL but not 

SHAM animais displayed a gradually decreasing blood pressure 30 minutes following 

resuscitation (Figure 1). The differences in salt loads of the two resuscitation regimens 

were considerable but direct effects of these loads were not evaluated independent of 

hemodynamic parameters. We did not elect to investigate further the effects of salt load 

in this study. We also did not evaluate the adequacy of resuscitation in either group and 

the question of whether both groups were equally weil resuscitated could be raised. 

Nonetheless, differences in PMN rolling and adhesion were already seen prior to this 

time point, beginning shortly after resuscitation and indicating an early differential effect. 

Furthermore, protocols using resuscitation with shed blood and once/twice that volume 

of RL or 4cc/kg 7% HTS, in addition to shed blood, have been used by several other 

groups on different rodent models (15, 21, 23). 

ln summary, compared to Ringers lactate, hypertonic saline resuscitation of a 

single-hit hemorrhagic shock murine model results in faster moving post-capillary venular 

neutrophils, with diminished rolling and adherence to endothelial cells. Furthermore, 

RL-resuscitated animais displayed an early and sustained elevation in vascular leakage 

in vivo that was not observed in HTS-resuscitated animais. These novel findings further 

contribute to the understanding of the natural history of hemorrhagic shock and the 

sequential steps that can lead its victims to organ failure and subsequent death. The 

future use of HTS-resuscitation and its immunomodulation following hemorrhagic shock 

may potentially reduce PMN-mediated tissue in jury leading to organ failure in trauma 

victims and severely ill patients. 
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Preface ta Manuscript #3 

Thus, immediately after hypertonie saline resuscitation of hemorrhagic shock, 

neutrophil rolling and adhesion is attenuated and concurrently, microvascular integrity is 

better maintained than with RL resuscitation. The current model used may or may not 

have reflected more profound conditions of severe hemorrhagic shock (more blood loss 

for a longer hypotensive period). More importantly, it is unknown whether these in vivo 

changes occur in more clinically relevant 'two-hit' conditions. Resuscitated trauma 

patients who survive the initial in jury will often be transferred to an intensive care unit 

where they will invariably suffer subsequent miner 'insults' such as an aspiration, a mild 

gastrointestinal bleed or minor surgery. These 'two-hit' conditions are particularly 

conducive for host progression to systemic inflammation and organ dysfunction. 

Additionally, the above novel results require ex-vivo validation - 15 hypertonie 

saline resuscitation truly reducing activated neutrophil sequestration and transmigration 

in tissue as our fewer demonstrated EC/PMN interactions would indicate? Furthermore, 

it is important to establish whether attenuated PMN sequestration in the lung by HTS 

resuscitation occurs concurrently with, or subsequently to, reduced in vivo EC/PMN 

interactions. 

The 3rd manuscript describes a variation of the initial murine model, adapted to 

simulate two-hit conditions. Furthermore, it uses a more profound and long lasting 

hemorrhagic shock, making it more clinically relevant by reproducing classs III shock 

which is routinely treated with blood in addition to crystalloid in humans. Using this new 

model diminished neutrophil sequestration (by myeloperoxidase assay) and 

transmigration (by lung histologie PMN localization) is demonstrated in HTS resuscitated 

animais. Furthermore, these sa me animais show concurrent in vivo attenuations in 

neutrophil adherence to endothelium hours earlier as compared to RL-resuscitated 

counterparts. 
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Structured Abstract 

Background: Hypertonie saline (HTS) attenuates polymorphonuclear neutrophil (PMN)

mediated tissue in jury after hemorrhagic shock. We hypothesized that HTS resuscitation 

reduces early in vivo endothelial ce Il (EC)/PMN interactions and late lung PMN 

sequestration in a 2-hit model of hemorrhagic shock followed by mimicked infection. 

Methods: Thirty-two mice were hemorrhaged (40mmHg) for 60 minutes and then given 

intra-tracheal lipopolysaccharide (LPS) (1 0l-lg) 1 hour after resuscitation with shed blood 

and either HTS (4cc/kg 7.5%NaCI) or Ringer's lactate (RL) (twice shed blood volume). 

Eleven controls were not manipulated. Cremaster intravital microscopy quantified 5-

hour EC-PMN adherence, myeloperoxidase assay assessed lung PMN content (2Y:z and 

24 hours) and lung histology determined 24-hour PMN transmigration. 

Results: Compared with RL, HTS animais displayed 55% less 5-hour EC-PMN 

adherence (p=0.01), 61 % lower 24-hour lung myeloperoxidase (p=0.007), and 57% 

lower mean 24-hour lung histologie score (p=0.027). 

Conclusion: Compared with RL, HTS resuscitation attenuates early PMN-EC adhesion 

and late lung PMN accumulation in hemorrhagic shock followed by inflammation. HTS 

resuscitation may attenuate PMN-mediated organ damage. 
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The hemodynamic effects of hypertonie saline resuscitation in hemorrhagic shock 

are weil documented. Resuscitation with hypertonie saline (HTS) restores hemodynamic 

parameters and effective circulating volume, in part through vasodilatation of precapillary 

resistance vessels and increases in cardiac preload 1
. Several large randomised human 

trials have shown that HTS compares favourably to Ringer's lactate (RL) in the safe and 

efficient resuscitation of hemorrhagic shock in trauma patients2
-4. Results from a large 

multicenter study have suggested additional, non-hemodynamic advantages of HTS 

resuscitation, describing reductions in the posttraumatic incidence of acute respiratory 

distress syndrome (ARDS), coagulopathies and renal failure4
. More recently, reports of 

hypertonicity-related alterations of the immune system, particularly with respect to 

polymorphonuclear neutrophil (PMN) structure and function, have renewed interest in 

hypertonie saline resuscitation of hemorrhagic shock. 

The PMN is believed to be a key mediator of tissue damage leading to organ 

in jury and multiple organ dysfunction after hemorrhagic shock and other systemic 

inflammatory conditionsS
-
7

. Under physiological conditions, passage of PMNs from the 

microcirculation into tissue involves an ordered sequence of steps characterized by PMN 

rolling, adhesion to endothelium and transmigration. This process may become altered 

and uncontrolled in certain conditions. Following resuscitated hemorrhagic shock, 

aberrant and unbridled neutrophil-endothelial interactions are believed to contribute to 

inappropriate neutrophil activation with the release of toxic oxygen free radicals and 

proteinases that promote organ injury6. 8. As reflected in the high proportion of trauma 

patients that subsequently develop ARDS, the lung is particularly susceptible to 

secondary in jury by these systemically released products9
. Severe hemorrhagic shock is 

believed to render the host vulnerable to a second minor inflammatory stimulus, the so

called 2nd-hit, contributing to the inappropriate activation of neutrophils and endothelium 

and leading to the development of systemic organ dysfunctionS
, 10, 11. 
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Neutrophil exposure to hypertonie media in vitro reduees their baetericidal 

aetivity 12-14 and the expression of surface adhesion molecules 15, 16, ln vivo models of 

hemorrhagic shock have demonstrated diminished lung in jury and lung PMN 

sequestration when animais were resuscitated with HTS instead of lactated Ringer's 17, 

More clinically relevant 'two-hit' models where HTS resuscitation of hemorrhagic shock 

(1 51 hit) is followed by a subsequent mild inflammatory insult (2nd hit), have similarly 

demonstrated diminished PMN adhesion molecule expression and pulmonary 

sequestration, ln addition, they have shown reductions in lung capillary leakage, lung 

and liver histologie in jury, and incidence of positive bacterial cultures 18,19, Shrinkage of 

neutrophils and cytoskeletal alterations through differential phosphorylation of membrane 

kinases are believed to be some of the possible mechanisms by which HTS may 

promote these changes in neutrophil function and structure 16,20,21. 

Although it has been assumed that reduced adhesion molecule expression leads 

to diminished leukocyte-endothelial interactions (rolling, adhesion), it was not until the 

advent of intravital microscopy that this phenomenon was observed with HTS infusions. 

Hemorrhage and resuscitation with hypertonie regimens by our group and others have 

used intravital microscopy to demonstrate diminished adhesion and rolling of neutrophils 

in cremaster or hepatic models22
-
24

. 

To date, no study has correlated HTS-related reductions in leukocyte adhesion in 

vivo with subsequent diminished tissue sequestration and transmigration of neutrophils 

ex vivo. Furthermore, no hemorrhagic shock intravital microscopy study has evaluated 

microcirculatory effects of HTS after a second inflammatory insult. 

We thus hypothesized that, eompared with RL, HTS resuseitation of hemorrhagic 

shock would diminish leukocyte-endothelial interactions 4 hours after a subsequent 

inflammatory insult, and that this would result in diminished lung PMN sequestration and 

transmigration the next day. To evaluate this hypothesis, we used a two-hit murine 
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model where hemorrhagic shock (1 51 hit) was differentiaily resuscitated with either RL or 

HTS foilowed by lipopolysaccharide (LPS) (2nd hit) instiiled intratracheaily one hour after 

the completion of resuscitation. According to the two-hit theory, the second hit would 

trigger activation of systemic PMN primed by antecedent resuscitated shock. In vivo 

EC/PMN interactions would thus become more pronounced ailowing for more subtle 

differences to emerge. Hence, intravital microscopy ot the microcirculation 5 hours after 

resuscitation was used to evaluate leukocyte-endothelial interactions, pulmonary PMN 

sequestration was evaluated by lung myeloperoxidase analysis before microscopy (at 

2~ hours) and at 24 hours, and PMN transmigration and tissue edema were determined 

by blinded histologic scoring ot H&E stained lung sections also at 24 hours after 

resuscitation. 

Materials and Methods 

Reagents 

Lactated Ringer's [RL] and normal saline [NS] solutions were purchased trom 

Baxter Corporation (Toronto, Ontario), heparin (10 000 USP units/ml) from Organon 

Teknika (Toronto, ON), ketamine from Wyeth-Ayerst (Guelph, ON) and xylazine trom 

Bayer (Etobicoke, ON). Potassium phosphate [KH 2P04], was trom Merck & Co. 

(Montréal, OC), 3,3',5,5'-tetramethyl-benzidine [TMB] and lipopolysaccharide [LPS, 

Escherichia coli 0127:B8] from Sigma Chemical Company (St-Louis, MO) and 

hexadecyltrimethyl-ammonium bromide [HTAB], N,N,-dimethyl formamide [DMF] and 

30% hydrogen peroxide [H20 2] were trom Fisher Scientific (Fair Lawn, NJ). 70 % 

glutaraldehyde was purchased trom Canemco Inc. (St-Laurent, OC). Phosphate 

Buffered solution [PBS] (Bicarbonate buffered solution [BBS] (NaCI 132 mM, KCI 4.7 

mM, CaCb 2 mM, MgCb 1.2 mM, NaOH 18mM, pH 7.4), 3% glutaraldehyde [GA] (70% 
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stock diluted in 0.1 M KH 2P04 [pH7.4]) and hypertonie saline [HTS] (7.5% NaCI in dH20) 

were constituted in our laboratory. 

Animal model 

Approval was obtained from the McGili University Animal Care Committee prior to 

experiments. CD1 male mice (Charles River: St-Constant, QC), 25-30gm, were fed ad 

libitum and housed in standard care facilities for 3-5 days prior to study. Acclimated 

mice were anaesthetized by intra-peritoneal (ilp) injection (xylazine = 6.7mg/kg, ketamine 

= 13.4mg/kg) and the right carotid artery was cannulated with polyethylene (PE)-10 

tubing. The carotid artery catheter was used to monitor blood pressure continuously 

through a pressure transducer (Living Systems Instrumentation: Burlington, VT), for 

blood withdrawal, for administration of blood, resuscitation fluids, and intermittent 50~1 

boluses of xylazine/ketamine solution to maintain anaesthesia. 

Hemorrhagic shock was induced by withdrawing blood from the carotid artery 

over 5 to 7 minutes into a tuberculin syringe previously flushed with 25U heparin until 

mean arterial pressure (MAP) reached 40 mmHg. Hypotension was maintained for 60 

minutes, by further blood withdrawals if MAP rose above 45 mmHg, or by re-infusions of 

withdrawn blood if MAP fell below 35 mmHg. Following the hypotension period, animais 

were resuscitated with a crystalloid regimen in addition to shed blood. The carotid artery 

was then ligated, the cervical incision closed and the animais returned to their cages. 

One hour after resuscitation, intraperitoneal (ilp) anaesthesia was administered 

as above and the cervical incision was reopened. Pretracheal muscles were spread 

bluntly, exposing the tracheal rings and 20~1 LPS (500~g/ml) was injected into the 

trachea under direct vision using a 0.5cc insulin syringe. Again, the cervical incision was 

closed and the animais were returned to their cages. Control animais did not undergo 
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any manipulation. Animais were subsequently re-anaesthetised at different times 

depending on the protocol arm to which they had been assigned. 

Study groups and experimental protocol 

Forty-three animais were randomized to one of three arms: HTS (shock and 

resuscitation with 4cc/kg of 7.5% hypertonic saline immediately followed by ail shed 

blood [n=18]); RL (shock and resuscitation with lactated Ringer's, [twice the volume of 

withdrawn blood] immediately followed by ail shed blood [n=14]); and control (no 

surgical manipulation, hemorrhage or resuscitation [n=11]). 80th resuscitation regimens 

have been demonstrated to adequately resuscitate mice after such hemorrhagic shock 

conditions 14. 19. 25. Once resuscitation was completed, animais were returned to their 

cages and received intratracheal LPS one hour later. Animais from each resuscitation 

arm were then evaluated at three time intervals after completion of resuscitation and LPS 

administration: 2Y2 hours after resuscitation, lung myeloperoxidase (MPO) analysis 

(n=18) was used to evaluate tissue PMN sequestration; at 5 hours, cremaster intravital 

microscopy (n=10) was used to evaluate in vivo PMN adhesion to endothelium; and at 

24 hours, lung histology (n=8) was used to evaluate lung interstitial edema and PMN 

transmigration and lung MPO (n=8) again were used to determine PMN sequestration. 

Control animais were evaluated for lung MPO (n=9) and for histology (n=4) without prior 

manipulation. 

Intravital microscopy 

Four hours after receiving intratracheal LPS, resuscitated animais received 

intraperitoneal anaesthesia as above and underwent right jugular canulation. The 

jugular line was used to administer anaesthetic solution. The mouse cremaster was 
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prepared for intravital microscopy as described previously26. Briefly, after the animal was 

immobilized by attachment of ail four limbs, the cremaster muscle was exteriorized 

through a small scrotal incision, opened and dissected free of the testicle and 

epididymis. Using five-point fixation with 4-0 silk, the cremaster was splayed open and 

fixed to a plexiglass stage. For the remainder of the experiment the exteriorized 

cremaster was continuously perfused with thermostat-controlled (37° C) BBS. The stage 

was placed on a Nikon TE 300 inverted microscope (Nikon Canada: Montréal, QC), and 

live tissue microcirculation was imaged at 2120X magnification. 

An optical Doppler velocimeter (Microcirculation Research Institute: College 

Station, TX) was used to directly measure central red blood cell velocity (VRBd in post

capillary venules (PCVs). To minimize intersample shear stress variability, only non

branching PCVs with a diameter of 20-40~m and a VMEAN of 1.25-2.50 mm/sec were 

chosen. Mean vessel flow velocity (VMEAN) was calculated from VRBC using the formula: 

VMEAN = VRBC/1.6. Shear rate (y), in sec-\ was calculated using the formula: y = 8 X 

(VRBcfDv), where Dv is the venular diameter measured directly off line using calipers. 

Shear stress was calculated using the formula: shear stress = 0.25 X shear rate. 

Live microscopic footage of chosen post capillary venu les was captured with a 

high definition black and white video camera (CCD High Performance Camera, COHU, 

San Diego, CA), transferred to a monitor (Trinitron Col or monitor - SSM-14NE, Sony: 

Toronto, ON), and recorded on videotape with a video recorder (SVHS HrS3910u, JVC 

Company of America: Wayne, NJ). A video Time-Date Generator (model WJ-810, 

Panasonic: Toronto, ON) projected the time, date, and stopwatch function onto the 

monitor at ail times. Body temperature was maintained at 37° C with a radiant heat lamp 

throughout the study period. Ali animais were sacrificed by xylazine/ketamine overdose 

followed by cervical dislocation at the completion of experiments. 
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Quantification of EC-PMN interactions 

ln each animal, seven-minute video footage of each of three different post 

capillary venules per animal were captured after a stabilization period following the 

completion of cremaster surgery. These recordings were subsequently played back off 

line by another member of the laboratory who quantified leukocyte-endothelial cell 

interactions without prior knowledge of treatment. 

To avoid alteration of PMN adhesive properties, neutrophils were not labeled with 

fluorescent markers. Nonetheless, available evidence suggests that the vast majority of 

leukocytes visible in such an IVM model were likely PMNs27
. Leukocyte rolling was 

defined as the number of leukocytes crossing a line perpendicular to the long axis of the 

vessel, that were moving at a rate slower than erythrocytes over a period of two minutes. 

Leukocyte adherence was defined as the number of cells stationary for a minimum of 30 

seconds in a 100 /lm length of venule during a five-minute period and pre-adherence 

was defined as the number of immobile neutrophils in the same 100 /lm vessel section at 

the initiation of counting. Total neutrophil adherence was the sum of neutrophil 

adherence and pre-adherence for a given vessel footage. 

Myeloperoxidase Assay 

One and Y:z hours and 23 hours after LPS, animal lungs underwent MPO 

analysis. After induction into anaesthesia by intraperitoneal ketamine/xylazine, animais 

underwent sternotomy and the entire tracheobronchial tree was excised by sharp 

dissection. The right lung was dissected free of diaphragmatic and pleural tissue and 

subsequently weighed while the left lung was prepared for histology. The right lung 

vasculature and bronchial tree weer not flushed prior to excision. The excised right lung 

sample was then homogenized (PT10 00 Polytron Homogenizer, Kinematica GMBH: 
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Luzern, Switzerland) for 1 minute in 3cc of 

10mM KH2P04 [pH7.4] buffer and centrifuged at 

12 OOOg for 20 minutes at 40 C. The 

supernatant was discarded and the pellet 

resuspended and homogenized in 50mM 

KH 2P04 [pH6.0] buffer containing 0.5% HTAB. 

The homogenate was kept frozen at -800 C and 

at a later time, it was thawed, rehomogenized 

for 1 minute and sonicated (Sonic 

Dismembrator Model 300, Fisher: Farmingdale, 

New York) at 40 W for 1 minute. After 
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FIGURE 1: There were no differences in 
withdrawn blood volumes between 
resuscitated groups (p>O.05). RL animais 
received twice the shed blood volume in 
addition to shed blood whereas HTS 
animais received 4cc/kg 7.5% saline in 
addition to shed blood (* p<O.001 vs RL). 

centrifugation as described above the supernatant was diluted (X3) and 501-11 was added 

to 3501-11 of 220mM KH2P04 in 110mM NS and reacted 45 seconds later with 501-11 16mM 

TMB in DMF prior to blanking the spectrophotometer (DU 640, Beckman Coulter: 

Fullerton, California) at 37 0 C. The colorimetrie reaction was then read at 655nm after 

the addition of 501-11 of 3mM H20 2. The absorbance change over 180 seconds was used 

as a measure of MPO activity. Results were expressed as MPO activity per gram of lung 

tissue. 
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Histologie Lung Analysis 

As described above, at 24 

hours anaesthetized animais 

underwent sternotomy and the 

entire tracheobronchial tree was 

bp after excised by sharp dissection. The 

FIGURE 2: Slood pressure did not differ significantly 
between resuscitated groups before and during hypotension 
(p>O.05) but was significantly higher after resuscitation in RL 
compared with HTS animais (* p<O.01 vs. RL). 



right lung was used for MPO evaluation. The left lung was fixed by instillation of 3% 

glutaraldehyde into the left mainstem bronchus using a 22-gauge angiocatheter and 

fixed overnight. The following day, the lung was sliced, sections were processed using 

routine histological techniques and embedded in paraffin. From these, 5 f..l.m-thick 

sections were eut and stained with hematoxylin and eosin. The si ides were 

subsequently graded by one of the authors (R.P.M.) using a modified histologie score28 

without prior knowledge of treatment groups. The following histologie parameters were 

graded: marginated intravascular neutrophils, interstitial neutrophils, alveolar neutrophils, 

and interstitial edema. For a given sample, each parameter received a score of zero 

(none), one (seant), two (moderate) or three (extensive) points. Total lung histology 

scores were calculated as the sum of individual parameter scores for a given sam pie. 

Statistical Analysis: 

Ali data are presented as mean ± standard error of the mean (SEM) unless 

otherwise stated. Differences between 

groups were compared using analysis of 

varience (ANOVA) with Bonferroni correction 

using Systat 10 data analysis software 

(SPSS, Chicago, Illinois). When data were not 

normally distributed, the Kruskal-Wallis Test 

was applied to determine significance. 

Twenty four-hour survival was compared 

using confidence interval analysis for 

differences in binomial proportions. Values of 

p < 0.05 were deemed statistically significant. 
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FIGURE 3: Totalleukocyte adherence to 
endothelium in the cremaster circulation 4 
hours after intratracheal LPS administration 
was greater in RL than HTS animais 
(*p=O.01 vs. RL). 



Results 

Vascular and hemodynamic mechanics 

Blood volume withdrawn (mean 29.1 ± 0.56 cc/kg) did not differ between 

resuscitation groups but total fluid administered (blood + crystalloid) was significantly 

greater in RL-resuscitated animais compared to HTS animais (88.6 ± 2.7 vs 33.0 ± 0.7 

cc/kg, respectively, p<0.01) (Figure 1). Systolic blood pressure before (mean 98.9 ± 

3.15 mmHg) and during hypotension (mean 41.2 ± 1.43 mmHg) was not different 

between groups whereas RL-resuscitated animais had a significantly higher blood 

pressure than HTS counterparts at the completion of resuscitation (114.6 ± 2.4 vs 97.7 ± 

3.1 mmHg, respectively; p<0.01) (Figure 2). Post-capillary venular diameter (mean 29.8 

± 1.0\Jm), VRBC (mean 3.22 ± 0.19mm/sec), VMEAN (mean 2.01 ± 0.12mm/sec), shear 

rates (mean 0.65 ± 0.075sec-1
) and shear stress (mean 0.16 ± 0.019sec-1

) did not differ 

statistically between both resuscitation groups (p>0.05). 

Effect of hypertonie saline on leukocyte interactions with endothelium 

Total leukocyte adhesion to ECs was significantly lower in HTS-resuscitated 

animais than in RL counterparts [14.4 ± 1.82 leukocytes/100\Jm vs 32.1± 4.96 

leukocytes/100\Jm, respectively, p=0.01] (Figure 3). There were no statistically 

significant differences in leukocyte rolling between groups (data not shown). Figure 4 

contrasts an image displaying several adherent leukocytes (A) taken from footage of a 

RL-resuscitated animal 4 hours after LPS administration with another showing few 

interacting leukocytes (B) taken from an HTS animal at the sa me time interval. 
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FIGURE 4: A representative image demonstrating a post capillary venule with several adherent 
leukocytes (sorne indicated with arrowheads) taken fram a RL resuscitated animal 4 hours after 
LPS (A) is contrasted with one displaying few interacting leukocytes (B), taken tram an animal 
resuscitated with HTS at the same time interval. 
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FIGURE 5: Pulmonary myeloperoxidase levels were similar in HTS 
administration, lung and RL animais (p>O.05) but greater than control 2}'2 hours after 

resuscitation (#p<O.001vs. control in the same time interval). At 24 
hours, lung MPO in HTS animais was similar to that of controls (p>O.05) 
but significantly lower than in RL animais (*p=O.007 vs. RL in the same 
time interval). Changes in lung MPO between 2}'2 and 24 hours 
following LPS was not significant in RL animais but diminished by half 
in HTS animais (tp=O.005 vs HTS at 2}'2 hours). 

myeloperoxidase levels 

were similar in HTS and 

RL animais [2.51 ± 0.22 

~OD/g vs 2.70 ± 0.43 ~OD/g, respectively, p>0.05] (Figure 5). At this time, control 

animais displayed significantly lower lung 

MPO than either resuscitation group [0.35 ± 

0.13 vs RL and HTS, p<0.001]. At 24 

hours, lung MPO in HTS animais was 

similar to that of controls but 61 % lower 

than in RL animais (HTS: 1.19 ± 0.23 

~OD/g; RL:3.06 ± 0.66 ~OD/g, p=0.007). 

Lung MPO changes in RL animais were not 

significant between 2% and 24 hours after 

resuscitation, whereas in HTS animais, lung 

MPO decreased by more than 50% during 

that time interval (p=0.005). Thus, 

106 

CI) 6 ... 
o 
(,,) 
III 

.~ 
C) 
o 
.s 3 
.!!! 
~ 
r:::: 
cu 
CI) 

::! 

o 

* 

** 

Control HTS RL 

Figure 6: Histologie lung transmigration 
scores 24 hours after resuscitation were 
significantly higher in RL than in HTS or 
control animais (*p=O.027 vs RL, ** p=O.002 vs 
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FIGURE 7: High power light photomicrographs of 
lung sections from a RL-resuscitated mouse 24 hours 
after resuscitation. (A) Detail showing a longitudinal 
section of small pulmonary artery (PA) f1anked by 
numerous interstitial neutrophils (IN) and associated 
interstitial edema (lE) adjacent to the airway (AW) 
and alveoli (AL). (B) Small artery (PA) filled with 
numerous marginated neutrophils, also seen in the 
surrounding edematous periarterial interstitial space. 
Bars indicate 50 ~m. 

FIGURE 8: High power light photomicrographs of 
lung sections from an HTS-resuscitated mouse 24 
hours after resuscitation. (A) Detail showing a 
longitudinal section of small artery between airway 
and alveoli (AL). No edema or neutrophils are 
present. (B) Normal airway (AW), small pulmonary 
artery (PA) devoid of periarterial interstitial edema, 
and with only rare marginated and interstitial 
neutrophils. Bars indicate 50 ~m. 

neutrophil accumulation in lung tissue as evaluated by MPO reflected PMN in lung 

parenchyma but also sequestered in vessels ('trapped' or otherwise) and the branchial 

tree. Therefore, total PMN lung content of ail resuscitated animais was greater than in 

controls shortly after LPS administration but 24 hours after resuscitation, pulmonary 
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PMN content of HTS animais returned to control levels but remained elevated in RL 

counterparts. 

Lung histologie scores are deereased in HTS-resuseitated animaIs 24 hours after 

resuseitation 

Twenty-four hours after resuscitation, lung histologie scores were significantly 

higher in RL animais [5.0 ± 0.9] compared with controls [0.7 ± 0.4, p=0.002 vs RL] and 

HTS animais [2.1 ± 0.2, p=0.027 vs RL] (Figure 6). Differences in mean score were 

mostly aUributable to differences in the degree of marginated and interstitial neutrophils 

between resuscitation groups. Control and HTS animais did not differ significantly in 

total and individual parameter scores. Figure 7 shows representative photomicrographs 

of lung with high histology score taken from a RL-resuscitated animal displaying 

numerous marginated and interstitial neutrophils flanked by interstitial edema. In figure 8 

lung photomicrographs taken from an HTS-resuscitated animal show normal airways, 

small pulmonary arteries devoid of periarterial interstitial edema, and with only rare 

marginated and interstitial neutrophils. Thus, 24 hours after resuscitation, lungs from 

HTS resuscitated animais displayed half the histologie transmigration score of lungs from 

RL animais. 

Twenty four-hour survival 

Four of 10 (40%) RL animais and 4 of 5 (80%) HTS animais survived 24 hours 

after resuscitation but this was not statistically significant (p>0.05). 
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Discussion 

For over 30 years, trauma research has sought evidence for the best f1uid for 

resuscitation of hemorrhagic shock. Although massive isotonic crystalloid resuscitation 

popularized in the Vietnam War was a major advance in the treatment of hemorrhagic 

shock, the incidence of subsequent pulmonary edema (Da Nang Lung29
, adult 

respiratory distress syndrome [ARDS]) was considerable. Concerns that isotonic 

resuscitation might be harmful in itself gave rise to interest in small volume hypertonic 

resuscitation30
. The administration of much smaller volumes (4cc/kg) of 7.5% saline 

solution in hypovolemic conditions results in the rapid improvement of mean arterial 

pressure, cardiac output and peripheral perfusion 1,31, Large, randomized, controlled 

human trials have established the safety and efficiency of HTS resuscitation of 

hypovolemic trauma patients4, 32. Nonetheless, a significant proportion of trauma deaths 

are not directly aUributable to inadequate volume restoration during the initial 

resuscitation phase; indeed, over 50% of deaths that occur more than one week after 

in jury are related to complications of host immunity leading to multiple organ failure 

(MOF)33,34. 

The dichotomous nature of host immunity in the context of trauma involves, on 

the one hand, host protection from pathogen invasion, and on the other hand, an ability 

to cause host tissue damage resulting in multiple organ in jury and possibly death35
. 

The polymorphonuclear neutrophil is a key effector of host immunity that perfectly 

illustrates this dichotomy. In physiologic conditions, the neutrophil is summoned to areas 

of pathogen invasion or tissue in jury reaching its target through an orderly series of 

steps. First marginating out of central blood flow, the neutrophil begins to interact weakly 

with endothelium through fragile interactions between surface selectins (L, E and p)36 

and ligands of the Sialyl Lewis X (sLex ) family. This process slows the neutrophil out of 

central vessel flow and imparts on it a rolling motion permitting a greater proximity to 
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endothelial cells. The resulting close association between the two cell types allows for 

firm coupling between PMN surface integrins (CD11 a, CD11 b)37 and endothelial 

receptors of the immunoglobulin superfamily (lCAM-1, ICAM-2). These latter 

interactions lead to arrest of the neutrophil on the endothelium (adherence). The 

neutrophil is then able to transmigrate between endothelial cells to the interstitial 

environ ment and migrate down a chemotactic gradient to destroy pathogens and 

scavenge necrotic tissue debris38. 

The injurious side of neutrophil behavior can be seen in conditions of systemic 

inflammation such as hemorrhagic shock, where this orderly process of neutrophil 

trafficking is disrupted. When hemorrhagic shock is followed by a subsequent 

inflammatory insult (2nd hit), the aberrant upregulation of these neutrophil-endothelial 

interactions is believed to cause tissue sequestration of neutrophils and an indiscriminate 

release of toxic oxygen radicals and enzymes resulting in tissue damage and 

subsequent organ in jury. 

The importance of the neutrophil in hemorrhagic shock is underscored in two-hit 

models. The two-hit (two-insult) theory maintains that neutrophils are tirst primed by an 

insult such as hemorrhage and resuscitation and that with a second subsequent usually 

innocuous stimulus, (aspiration, urinary tract infection), neutrophils are activated, 

releasing cytotoxic substances leading to further activation, interactions with endothelium 

and tissue injury35. The distinctness of neutrophil priming and activation has been 

demonstrated in vitro in studies where activated but not primed human neutrophils were 

capable of enhanced superoxide release, tissue sequestration and in jury to endothelial 

cells39. Although in vivo animal studies have also demonstrated how two spaced insults 

resulted in microcirculatory compromise40
, evaluations of leukocyte-endothelial 

interactions in such conditions are stililacking. 
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Multiple in vitro experiments have demonstrated that hypertonie saline alters 

neutrophil structure and function. Neutrophils exposed to hypertonicity prior to in vitro 

activation display diminished oxidative burse 4
, 15.41, phagocytosis 13 and cytotoxicity13, 20. 

ln addition, primed and unprimed neutrophils incubated in hypertonie media have 

demonstrated diminished CD11 b expression 15,18,41,42 but varying alterations in the 

expression of L-selectin 18.42. Neutrophils from healthy humans infused with HTS in vivo 

displayed diminished CD11 b but increased L-selectin after activation in vitro43, 44. These 

and other similar reports of adhesion molecule modulation by HTS have lead to the 

proposai that HTS attentuates leukocyte-endothelial interactions in vivo. 

ln vivo studies involving single-hit hemorrhagic shock in mice have demonstrated 

diminished bronchioalveolar PMN accumulation, lung neutrophil sequestration and lung 

histologie in jury 24 hours after resuscitation when HTS was the initial or the only 

resuscitation fluid given 14.17. Yet, these and other studies from the same authors 

showed contradictory alterations of CD11 band L-selectin expression following HTS 

resuscitation45
. Interestingly, 2-hit in vivo models of hemorrhagic shock followed by 

inflammation have demonstrated extensive ex-vivo benefits. In a rat model of 

resuscitated hemorrhagic shock followed by intratracheal LPS, Rizoli and colleagues 18 

demonstrated reductions in lung capillary leakage, neutrophil sequestration (MPO), lung 

in jury (histology), lung ICAM-1 and PMN CD11 b/L-selectin levels with HTS compared to 

RL resuscitation. Similarly, but in mice, Coimbra et a/19 found that cecalligation and 

puncture (CLP) 24 hours after resuscitation resulted in diminished pulmonary and 

hepatic histologie in jury 2 and 24 hours later with hypertonie saline but not RL 

resuscitation. In the present study, we confirmed through ex-vivo pulmonary 

myeloperoxidase analysis that 24 hours after resuscitation, neutrophillung sequestration 

in HTS animais was 39% that of RL counterparts. However, lung MPO levels at 2~ 

hours were similar in both resuscitated groups. These early MPO elevations likely 
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reflect edematous, non-deformable leukocytes becoming passively trapped in narrowed 

lung capillary passages following ischemia and reperfusion in ail resuscitated animals46
. 

The concept that poor neutrophil pliability early in the course of systemic inflammation 

promotes mechanical trapping in the microvasculature of organs with a high number of 

capillary segments is not noveI47
.
48

. Histologie evaluations in sepsis have demonstrated 

that in lungs, early neutrophil sequestration may be less dependent on adhesion 

molecules and interactions with endothelium than on changes in physical parameters 

such as lack of deformability and stiffness of leukocytes47
. 49. 50. Lung neutrophil 

sequestration persisting 24 hours later better reflected increased neutrophil-endothelial 

interactions causing receptor-mediated neutrophil adherence and transmigration into 

lung tissue50
. 

While MPO levels illustrate total tissue content of PMNs, they do not determine 

the anatomie location where the majority of neutrophils are sequestered. Our evaluation 

of lung histologie sections not only confirmed lower total amounts of neutrophils in the 

lungs of HTS animais but also brought the missing information on their anatomie 

distribution within lung tissue. Marginated intravascular and transmigrated interstitial 

neutrophils were the principal contributors to differences in histologie scores 

demonstrating more than three times the marginated and interstitial PMNs in RL 

compared with HTS animais. These histologie findings agree with previously reported 

results fram studies evaluating lung histopathology in 2-hit hemorrhagic shock models 18. 

19. However, none of these studies correlated these histologie changes with in vivo 

differences in leukocyte/endothelial interactions related to HTS resuscitation. 

Single and double hit hemorrhagic shock studies have suggested that attenuation 

in leukocyte-endothelial interactions by HTS resuscitation is implied by reduced adhesion 

molecule expression. We believe that the current study pravides novel evidence linking 

in vivo changes in leukocyte-endothelium interactions with diminished lung neutrophil 
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sequestration and transmigration after HTS-resuscitation of hemorrhagic shock. Using 

intravital microscopy, our group and others have previously reported diminished 

neutrophil adhesion and rolling following HTS-resuscitation of shock (one_hit)22-24. 

Although none of these studies evaluated ex vivo neutrophil sequestration or histologie 

transmigration, our evaluation concurrently demonstrated diminished in vivo 

macromolecular leakage 2 hours after resuscitation of hemorrhagic shock with HTS 

compared with RL 22. The current study further demonstrates that HTS resuscitation also 

reduces neutrophil adhesion in a two-hit model of resuscitated hemorrhagic shock 

followed by a subsequent inflammatory lung stimulus concurrent with diminished tissue 

PMN sequestration and margination. Variability in leukocyte rolling within each 

resuscitation group was a possible reason that the trend of diminished rolling in HTS 

animais was not significant. Any mechanical capillary neutrophil trapping that may have 

been occurring during IVM analysis was not apparent as we evaluated much larger 

venules (20 to 40\Jm) unlikely able to 'trap' even swollen neutrophils, normally 5-12\Jm in 

diameter51 . 

We have analysed our model for possible confounding variables. We chose not 

to label neutrophils with fluorescent markers as sometimes is done in intravital 

microscopy studies because fluorescent tags are known to affect their adhesive 

properties52. Thus, leukocytes that were counted as adherent to endothelial cells may 

not ail have been neutrophils. Furthermore, evidence from other studies suggests that 

the majority of visible leukocytes in such microscopie analysis are, in fact, neutrophils27. 

Additional study groups such as SHAM animais undergoing cremaster surgery but not 

hemorrhage or LPS tracheal instillation or animais undergoing LPS administration 

without shock would have added relevandce to the study but were omiUed for the 

interest of simplicity. Slood pressure was significantly higher at the completion of 

resuscitation with lactated Ringer's compared to that in animais resuscitated with HTS 
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(figure 2). While this higher blood pressure could have augmented microvascular shear 

stress and impacted on leukocyte-endothelial interactions, by controlling VRBC and vessel 

diameter, shear stress in the chosen vessels was kept constant and the bias of this 

variable unlikely affected our results. The large volume of fluid administered to RL 

animais compared to HTS counterparts may have, in itself, contributed to microvascular 

in jury. Yet, any in jury from excessive volume administration would again have occurred 

through increased shear stress which was controlled for by selection of uniform diameter 

vessels for microscopie analysis. Furthermore, although higher shear stress would have 

implied diminished leukocyte adhesion to endothelium, we still found that RL animais 

demonstrated higher adhesion levels. Nonetheless, protocols with the fluid regimens 

administered in the current study have been shown to offer equally satisfactory 

resuscitation in several other hemorrhagic shock studies 14,19.45. In addition, smaller 

volumes are inherent to clinical HTS resuscitation whereas much larger volumes are 

always required when using isotonie crystalloids. This study does not explore if the 

parallel decrease in cremaster EC/PMN interactions and lung PMN sequestration by 

HTS are necessarily related. While they follow the same pattern other non receptor

mediated mechanisms are known to occur in the lung capillary-tissue interphase. 

ln summary, the present study demonstrates that hypertonie resuscitation of 

hemorrhagic shock followed by an inflammatory lung stimulus attenuates leukocyte 

adhesion to endothelium at five hours, and is associated with reduced lung sequestration 

and transmigration of neutrophils at 24 hours. These findings help further elucidate the 

extent of immunomodulatory effects from hypertonie saline resuscitation in hemorrhagic 

shock. Further experiments will be needed to confirm HTS-related benefits in trauma 

patients suffering subsequent insults in the intensive care unit and at risk of developing 

neutrophil-mediated organ in jury. 
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Preface ta manuscript #4 

Thus, in two hit conditions hypertonie saline resuscitation of hemorrhagic shock 

attenuates early in vivo PMN adhesion to endothelium and reduces its late 

transmigration and sequestration in lung tissue. Clearly, persistent attenuation of 

histologie PMN margination and transmigration up to a day after HTS resuscitation would 

suggest that EC/PMN interactions remain altered despite return to normotonicity. Yet, 

sorne in vitro reports suggest that HTS effects on neutrophil adhesion molecules may be 

transient, lasting less than a day. Could this prolonged HTS effect relate more to 

endothelial expression of adhesion receptors? By the same token, the above post 

mortem findings and those of others demonstrate less lung edema a day after HTS 

resuscitation. Is this secondary to less interstitial edema incurred during the 

resuscitation phase or rather an enduring reduction in microvascular leakiness with 

greater vessel wall integrity by HTS? No in vivo evaluation of microvascular permeability 

is available to determine the duration of reduced vessel permeability with HTS 

resuscitation. Most importantly, do these reductions in EC/PMN interactions and in 

tissue edema translate into attenuated tissue in jury after HTS resuscitation of 

hemorrhagic shock? 

The fourth manuscript uses the previously established two-hit model to 

demonstrate persistent HTS attenuation of in vivo neutrophil adhesion and venular 

permeability a day after resuscitation. Simultaneously, MPO analysis demonstrates a 

concurrent reduction in lung neutrophil sequestration while blinded histologie analysis of 

lung and cremaster sections confirms a tendency to HTS mediated attenuations in tissue 

in jury. Furthermore, this study shows improved survival with HTS resuscitation. 
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Abstract 

Introduction: Compared to Ringer's lactate (RL), hypertonie saline (HTS) resuscitation 

of hemorrhagic shock is known to diminish early endothelial/neutrophil (EC/PMN) 

interactions, reducing late PMN tissue accumulation. We hypothesized that in vivo 

attenuations of EC/PMN interactions by HTS persist a day after resuscitation and are 

accompanied by reduced vessel permeability, circulating sICAM-1 levels, lung in jury and 

PMN accumulation. 

Methods: Blinded intravital microscopy quantification of in vivo PMN/EC interactions and 

venular leakage (epifluorescence after 50mg/kg FITC-albumin) 22 hours post

resuscitation were evaluated on cremaster tissue in a two-hit murine hemorrhagic shock 

model (blood loss with 1 hour hypotension [40mmHg] followed 4 hours later by 1.51Jg 

intra-tracheal LPS). At 23 hours, lung myeloperoxidase (MPO) assessed PMN 

accumulation, ELISA determined circulating sICAM-1 levels and blinded lung and 

cremaster histologie analysis ascertained tissue in jury. Resuscitation groups were: HTS 

(4cc/kg 7.5%HTS + shed blood), RL (RL [2X shed blood volume] + shed blood), sham 

(surgery but no hemorrhage/resuscitation) and controls (no manipulation). Mortality 

was evaluated at 22 hours. Bonferroni corrected ANOVA, Chi square or the Kruskal

Wallis Test were used to determined significance. 

Results: Survival in HTS animais was 81.8% vs 40.0% for RL counterparts (p=0.025). 

Compared to RL, HTS animais displayed 45% fewer rolling PMN, 70% fewer adherent 

PMN, 28% less venular leakage and 55% less MPO (p<0.05, ail comparisons). sICAM-1 

levels and histologie in jury were also reduced in HTS animais. 

Conclusions: Compared to RL, HTS resuscitation in hemorrhagic shock followed by an 

inflammatory insult attenuates PMN-EC interactions, vascular permeability and PMN 

accumulation up to 22 hours later imparting a survival advantage. HTS resuscitation has 

immunomodulatory benefits that persist beyond the hours following resuscitation and 

may be useful for reducing persistent PMN-mediated tissue in jury in hemorrhagic shock 

patients. 
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The hemodynamic effects of hypertonie saline (HTS) in hemorrhagic shock have 

been extensively investigated. Several large, randomized, controlled, studies and 

subsequent meta-analyses have demonstrated that HTS is at least as safe and 

efficacious as standard isotonie resuscitation(1, 2). These and other studies have 

demonstrated improved hemodynamic parameters necessitating less fluid and blood 

product requirements with a tendency to improved survival, particularly in subgroups of 

surgical and head injured patients(3-6). 

The polymorphonuclear neutrophil (PMN) appears to be a key element in the 

tissue destruction that occurs following standard large volume isotonie resuscitation of 

hemorrhagic shock(7, 8). Experimental 'two-hit' models, where hemorrhagic shock is 

subsequently followed by a second insult such as an infection illustrate weil the key role 

neutrophils play in tissue in jury leading to systemic inflammation and multiple organ 

dysfunction(9). 

ln physiologie conditions, the neutrophil undergoes an ordered and controlled 

sequence of steps to proceed from the microcirculation to the interstitial milieu 

(neutrophil rolling, adhesion to endothelial cells [ECs] and transmigration). Once it has 

reached the area of parenchymal invasion or in jury the PMN destroys pathogens and 

tissue debris through degranulation and phagocytosis. In conditions of systemic 

inflammation, this orderly sequence may become inappropriately amplified and unbridled 

resulting in the intravascular release of proteinases and reactive oxygen species. This 

inadvertent release of toxic neutrophil byproducts may result in microvascular endothelial 

cell in jury and tissue edema leading to organ malfunction(9). 

Hypertonie saline has been shown to exert a profound influence on 

microcirculatory elements, particularly on neutrophils and endothelium. Both in vitro and 

in vivo studies have shown hypertonicity-mediated changes in the structure and function 

of neutrophils and endothelial cells(10-14). More importantly, the reduced expression of 
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adhesion molecules by hypertonie saline in these experiments has been substantiated 

by intravital microscopy (IVM) animal models demonstrating live reductions in venular 

interactions between neutrophils and endothelium shortly after HTS resuscitation(15-17). 

Ex vivo evaluations of tissue in jury, microvascular permeability, tissue bacterial 

contamination and tissue neutrophil sequestration have confirmed that HTS resuscitation 

of hemorrhagic shock confers end-organ benefits, weil beyond the first few hours 

following resuscitation(18-20). Yet, to date no study has evaluated whether HTS

mediated alterations of in vivo EC/PMN interactions endure extended periods of time. 

Only a handful of studies report HTS mediated alterations in neutrophil or endothelial 

adhesion molecule expression beyond the immediate hours following resuscitation. 

Furthermore, no investigations have ever validated histologie reductions in neutrophil 

mediated tissue in jury by demonstrating concurrent in vivo eftects of hypertonie saline 

resuscitation at the same time interval. 

We propose that, compared to hemorrhagic shock resuscitated with lactated 

Ringer's, resuscitation with hypertonie saline causes persistent blunting of neutrophil and 

endothelial activation and function beyond the first hours after resuscitation. We thus 

hypothesized that 22 hours after hemorrhagic shock resuscitation, HTS would not only 

diminish lung neutrophil sequestration and histologie in jury but would also, noticeably 

reduce in vivo neutrophil interactions with endothelium and better maintain vascular 

integrity. To evaluate this hypothesis, we used our established two-hit murine model of 

resuscitated severe hemorrhagic shock followed by intratracheal administration of 

lipopolysaccharide (LPS). A day later. animais were evaluated for neutrophil-endothelial 

(PMN-EC) interactions and microvascular permeability using cremaster intravital 

microscopy. Animal serum was removed for soluble endothelial adhesion receptor 

assessment while lungs and cremaster were harvested for ex vivo evaluation of tissue 
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in jury and neutrophil sequestration. Though not an end-point originally intended for 

study, mortality analysis was also determined at the time of animal sacrifice. 

Materials and Methods 

Reagents 

Lactated Ringer's [RL] and normal saline [NS] solutions were purchased from 

Baxter Corporation (Toronto, Ontario), heparin (10 000 USP units/ml) from Organon 

Teknika (Toronto, ON), ketamine from Wyeth-Ayerst (Guelph, ON) and xylazine from 

Bayer (Etobicoke, ON). Potassium phosphate [KH2P04), was from Merck & Co. 

(Montréal, QC), 3,3',5,5'-tetramethyl-benzidine [TMB), bovine fluorescein isothiocyanate 

(FITC)-Iabeled albumin and lipopolysaccharide [LPS, Escherichia coli 0127:B8] from 

Sigma Chemical Company (St-Louis, MO) while hexadecyltrimethyl-ammonium bromide 

[HTAB), N,N,-dimethyl formamide [DMF] and 30% hydrogen peroxide [H202l were from 

Fisher Scientific (Fair Lawn, NJ). Seve nt y percent glutaraldehyde was purchased from 

Canemco Inc. (St-Laurent, QC). Phosphate buffered solution [PBS], bicarbonate 

buffered solution [BBS] (NaCI 132 mM, KCI 4.7 mM, CaCb 2 mM, MgCb 1.2 mM, NaOH 

18mM, pH 7.4), 3% glutaraldehyde [GA] (70% stock diluted in 0.1 M KH2P04 [pH7.4]) and 

hypertonic saline [HTS] (7.5% NaCI in dH20) were constituted in our laboratory. 

Animal model 

Approval was obtained from the McGili University Animal Care Committee prior to 

experiments. CD1 male mice (Charles River: St-Constant, QC), 25-30gm, were fed ad 

libitum and housed in standard care facilities for 3-5 days prior to study. Acclimated 

mice were anaesthetized by intra-peritoneal injection (xylazine = 6.7mg/kg, ketamine = 
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13.4mg/kg) and the right carotid artery was cannulated with polyethylene (PE)-10 tubing. 

This catheter was used to monitor blood pressure continuously through a pressure 

transducer (Living Systems Instrumentation: Burlington, VT), for blood withdrawal and for 

administration of blood, resuscitation fluids, and intermittent 50~1 boluses of 

xylazine/ketamine solution to maintain anaesthesia. 

After a brief stabilization period following surgery, hemorrhagic shock was 

induced by withdrawing blood from the carotid artery over 8 to 12 minutes into a 

tuberculin syringe previously flushed with 25U heparin until mean arterial pressure 

(MAP) reached 40 mmHg. Hypotension was maintained for 60 minutes, by further blood 

withdrawals if MAP rose above 45 mmHg, or by re-infusions of withdrawn blood if MAP 

fell below 35 mmHg. After the hypotension period, animais were resuscitated with a 

given crystalloid regimen in addition to shed blood. The carotid artery was then ligated, 

the cervical incision closed and the animais returned to their cages. 

Four hours after resuscitation, intraperitoneal anaesthesia was administered as 

above and the cervical incision was reopened. Pretracheal muscles were spread bluntly 

exposing the tracheal rings and 30~1 LPS (50~g/ml) were injected into the trachea under 

direct vision using a 0.5cc insulin syringe. Again the cervical incision was closed, 2cc of 

normal saline were injected subcutaneously in the animal's flank for long-term hydration 

and the animal was again returned to its cage for the night. Animais were subsequently 

re-anaesthetized the next day, 22 hours after resuscitation to undergo intravital 

microscopy, and subsequent sacrifice by cervical dislocation for immediate organ 

harvesting. Sham animais underwent carotid and jugular cannulation as weil as 

cremaster dissection but were neither hemorrhaged nor resuscitated. Control animais 

did not undergo any manipulation. 
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Study groups and experimental protocol 

Thirty-four animais were randomized to one of three arms: HTS: Shock and 

resuscitation with 4cc/kg of 7.5% hypertonie saline immediately followed by ail shed 

blood (n=8); RL: Shock and resuscitation with lactated Ringer's, (twice the volume of 

withdrawn blood) immediately followed by ail shed blood (n=8) and sham: Carotid and 

jugular cannulation, cremaster dissection but neither hemorrhage nor resuscitation (n=9). 

Both resuscitation regimens have been demonstrated to adequately resuscitate mice 

after such hemorrhagic shock conditions(19, 21, 22). Control animais underwent no 

surgical manipulation (n=9). Sham animais were only evaluated for IVM while control 

animais were only evaluated for lung histology and myeloperoxidase (MPO) assay. 

Once resuscitation was completed, animais were returned to their cages and received 

intratracheal LPS 4 hours later as above. Twenty-two animais underwent cremaster 

intravital microscopy for determination of EC-PMN interactions (HTS:n=6, RL:n=7, 

sham:n=9) out of which 13 also underwent determination of in vivo venular permeability 

following administration of fluorescent albumin (HTS:n=5, RL:n=4, sham:n=4). 

Immediately after IVM, anaesthetized mice underwent cardiac puncture prior to sacrifice 

and blood was withdrawn for sICAM-1 determination (HTS:n=6, RL:n=5) as weil as for 

chemistry and hematology analysis (HTS:n=3, RL:n=4, sham:n=5). The cremaster and 

both lungs were then harvested for cremaster histology (HTS:n=6, RL:n=4), lung 

histology (control:n=9, HTS:n=7, RL:n=6) and lung myeloperoxidase analysis 

(control:n=6, HTS:n=8, RL:n=8) to determine tissue PMN sequestration. 

Intravital microscopy 

Twenty-two hours after resuscitation study animais and sham counterparts were 

re-anesthetized as above and underwent right jugular vein cannulation with PE-10 tubing 

for anaesthesia and FITC-albumin administration. Cremaster preparation was then 
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conducted for intravital microscopy as described previously(23). Briefly, after the animal 

was immobilized by attachment of ail four limbs, the cremaster muscle was exteriorized 

through a small scrotal incision, opened and dissected free of the testicle and 

epididymis. Using five-point fixation with 4-0 silk, the cremaster was splayed open and 

fixed to a Plexiglas stage. For the remainder of the experiment the animal was warmed 

under a radiant heat lamp and its exteriorized cremaster was continuously perfused with 

thermostat-controlled (37 0 C) BBS. The transparent stage was placed on a Nikon TE 

300 inverted microscope (Nikon Canada: Montréal, QC), and live tissue microcirculation 

was imaged at 2120X magnification. 

An optical Doppler velocimeter (Microcirculation Research Institute: College 

Station, TX) was used to directly measure central red blood cell velocity (VRBd in post

capillary venules (PCVs). Based on Newtonian definitions(24), mean vessel flow velocity 

(VMEAN) was calculated from VRBC using the formula: VMEAN = VRBC/1.6. To minimize 

intersample wall shear stress variability, only non-branching PCVs with a diameter of 20-

40J..lm and a VMEAN of 1.25-2.50 mm/sec were chosen. Wall shear rate (y), in sec-1
, was 

calculated using the formula: y = 8 X (VMEAN/Dv), where Dv is the venular diameter 

measured directly off line using calipers. Shear stress was calculated using the formula: 

shear stress = 0.25 X shear rate. 

Live microscopic footage of chosen post capillary venules was captured with a 

high definition black and white video camera (CCD High Performance Camera, COHU, 

San Diego, CA), transferred to a monitor (Trinitron Color monitor - SSM-14NE, Sony: 

Toronto, ON), and recorded on videotape with a video recorder (SVHS HrS3910u, JVC 

Company of America: Wayne, NJ). A video Time-Date Generator (model WJ-810, 

Panasonic: Toronto, ON) projected the time, date, and stopwatch function onto the 

monitor at ail times. 
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Quantification of EC-PMN interactions 

ln each animal, seven-minute video footage of each of three different selected 

post capillary venules per animal were captured after a stabilization period following the 

completion of cremaster surgery. Another member of the laboratory without prior 

knowledge of treatment subsequently played back these recordings off line and 

quantified neutrophil-endothelial cell interactions. To avoid alteration of PMN adhesive 

properties, neutrophils were not labeled with fluorescent markers. Available evidence 

suggests that the vast majority of leukocytes visible in such IVM models are PMNs(25). 

Neutrophil rolling was defined as the number of neutrophils crossing a line perpendicular 

to the long axis of the vessel, that were moving at a rate slower than erythrocytes over a 

period of two minutes. Neutrophil adherence was defined as the number of cells 

stationary for a minimum of 30 seconds in a 100 )lm length of venule during a five-minute 

period and pre-adherence was defined as the number of immobile neutrophils in the 

same 100 )lm vessel section at the initiation of counting. Total neutrophil adherence was 

the sum of neutrophil adherence and pre-adherence for a given vessel footage. 

Fluorescent quantification of vascular permeability 

Following the completion of video recordings, animais underwent additional 

fluorescent IVM. Fifty mg/kg of fluorescein isothiocyanate (FITC)-Iabeled bovine serum 

albumin was injected intravenously through the jugular catheter. Five minutes later, 

epiluminescence microscopy was performed with the same inverted microscope using a 

high-pressure mercury fluorescence lamp (HB 10103AF, Nikon Canada: Toronto, 

Canada). Moving images captured by the COHU video camera, were transferred to a 

computer (Dimension XPS B866r, Dell Canada: Toronto, Canada) and recorded by a 

frame grabber from Scion Image processing software (Scion Image for Windows, Scion 

Corporation: Frederick, MD). Frozen digital images of fluorescent post-capillary venules 
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were analysed by software capable of determining gray levels [0 (black) to 256 (white)] in 

six equal areas within the venule (venular light intensity, Iv), as weil as six separate 

equal areas in the perivenular 

space (perivenular light 

intensity, Ip) (Figure 1). Using 

the means of Ip and Iv 

measurements, vascular 

leakage (permeability index, 

PI) was calculated using the 

formula Ip 1 Iv =PI for each 

PCV. PI was determined in 

this way for three different 

venules in each animal which 

were then averaged to 

estimate the given animal's 

microvascular permeability 

index. 

Circulating soluble-ICAM-1 

levels 

Immediately following 

IVM, anesthetized animais 

underwent cardiac puncture for 

withdrawal of 1.0ml of venous 

FIGURE 1: Representative frozen images of post capillary 
venules from fluorescent intravital microscopy footage contrasting 
a lower amount of FITC labeled albumin leakage (22 hours 
following HTS resuscitation) [A] and a greater amount of album in 
leakage (sa me time interval following RL resuscitation) [B]. Ip 
(perivenular intensity) and Iv (venular intensity) represent typical 
areas evaluated for fluorescent light intensity. 

blood. Five hundred microliters were immediately centrifuged at SOOg for 10 minutes. 

Serum was extracted, placed in a labeled polypropylene vial and frozen at -BOoC for 
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analysis at a later time. When sufficient samples had been collected, serum samples 

were thawed and analysed for soluble intercellular adhesion molecule-1 (sICAM-1) using 

an enzyme-linked immunosorbent assay (ELISA) microplate reader (ELx808-I, Bio-Tek 

instruments, Inc.: Winooski, VT) with a specific ELISA test kit for sICAM-1 (Endogen Inc.: 

Woburn, MA). Sandwich-type technique and analysis (KC4v3.1 software Bio-Tek 

instruments, Inc.: Winooski, VT) was conducted according to the manufacturer's 

instructions. Normal range for murine sICAM-1 has been reported at 10300 to 15000 

ng/ml and the kit detection limit was 5ng/mL(26). 

Systemic complete blood count and serum chemistry: 

The remaining 500 !JI of withdrawn blood was analysed for complete blood count 

(CBC) and differential, serum sodium and osmolality. The McGiII University Health 

Center hematology and chemistry laboratory used an Advia Hematology System (model 

120, Bayer Systems: Hialeah, FL) for CBC and differential, a Synchron Clinical System 

(model LX20PRO, Beckman Coulter: Fullerton, CA) for serum sodium and an Advanced 

Micro Osmometer (model 330, Advanced Instruments Inc.: Norwood, MA) for serum 

osmolality determinations. 

Lung myeloperoxidase assay 

Immediately prior to sacrifice, animal lungs were harvested for histology and 

myeloperoxidase (MPO) analysis. Anesthetized animais underwent sternotomy and the 

entire tracheobronchial tree was excised by sharp dissection. The right lung was 

dissected free of diaphragmatic and pleural tissue and subsequently weighed, while the 

left lung was prepared for histologic evaluation. The excised right lung sample was then 

homogenized (PT10 00 Polytron Homogenizer, Kinematica GMBH: Luzern, Switzerland) 

for 1 minute in 3cc of 10mM KH2P04 [pH?.4] buffer and centrifuged at 12 OOOg for 20 
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minutes at 4° C. The supernatant was discarded and the pellet resuspended and 

homogenized in 50mM KH2P04 [pH6.0] buffer containing 0.5% HTAB. The homogenate 

was kept frozen at -80° C and at a different time, it was thawed, rehomogenized for 1 

minute and sonicated (Sonic Dismembrator Model 300, Fisher: Farmingdale, New York) 

at 40 W for 1 minute. After 

centrifugation as described 

* above, the supernatant 250 

was diluted (X3) and 501-11 

were added to 3501-11 of 

NS and reacted 45 

seconds later with 501-11 

16mM TMB in DMF prior to 

blanking the 

spectrophotometer (DU 

640, Beckman Coulter: 

Fullerton, California) at 37° 

C. The colorimetrie 

reaction was then read at 

655nm after the addition of 

200 
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FIGURE 2: Neutrophil rolling (number of rolling neutrophils 
crossing a line perpendicular to the vessel axis which were 
traveling slower than red cells for a period of 2 minutes) was 
greater in RL animais than in HTS or sham animais 22 hours 
following resuscitation. (*p<O.05 vs. SHAM, tp<O.05 vs. RL, 
:j:p<O.001 vS.RL) 

501-11 of 3mM H20 2 The absorbance change over 180 seconds was used as a measure 

of MPO activity. Results were expressed as change in optical density (AOD) per gram of 

lung tissue. 
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Histologie lung in jury analysis 

As described above, anesthetized animais underwent sternotomy and excision of 

their tracheobronchial tree. The left lung was flushed by instillation of 3% glutaraldehyde 

into the left mainstem bronchus using a 22-gauge angiocatheter and was subsequently 

25 

E 20 
:::1. 

0 
0 15 --.!! 
Q) 
(.) 10 =It t 

5 t 

0 -HTS RL SHAM 

FIGURE 3:Total neutrophil adhesion (number of 
neutrophils stationary for a minimum of 30 seconds in a 
1 00 ~m length of venu le during a five-minute period 
added to the number of immobile neutrophils at the 
initiation of counting) at 22 hours was not significantly 
different in HTS and sham animais but greater in RL 
counterparts. (tp<0.001 vs. RL). 

fixed overnight. The following 

day, the lung was sliced; 

sections were processed using 

routine histologie techniques 

and embedded in paraffin. 

From these, 5 Ilm-thick sections 

were eut and stained with 

hematoxylin and eosin (H & E). 

The si ides were subsequently 

graded by one of the authors 

(R.P.M.) without prior 

knowledge of treatment groups 

using a modified histologie in jury 

score(27). The following histologie in jury parameters were graded: marginated 

intravascular neutrophils, interstitial neutrophils, alveolar neutrophils, alveolar 

hemorrhage, interstitial edema and alveolar debris. For a given sample, each parameter 

received a score of zero (none), one (seant), two (moderate) or three (extensive). Total 

lung histologie in jury scores were calculated as the sum of individual parameter scores 

for a given sample. 
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Histologie eremaster in jury analysis 

Prior to sternotomy, anaesthetized animaIs had their exposed eremaster 

transected and placed in 3% glutaraldehyde for overnight fixation. As with lung tissue, 

eremaster samples were embedded, sliced and stained with H & E. The sections were 

also graded for histologie injury by one of the authors (R.P.M.), without prior knowledge 

FIGURE 4: Representative images of post-capillary venules from 
cremaster intravital microscopy displaying few rolling and 
adherent neutrophils (arrow) from an animal resuscitated with 
HTS, 22 hours earlier (A) and another displaying greater numbers 
of adherent neutrophils (arrows) from an RL resuscitated animal 
(B) at the sa me interval. 
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of treatment groups. The 

following histologie in jury 

parameters were graded in 

eremaster sections: 

marginated intravaseular 

neutrophils, interstitial 

neutrophils, interstitial 

edema, and interstitial 

hemorrhage. For a given 

sample, eaeh parameter 

received a score of zero 

(none), one (seant), two 

(moderate) or three 

(extensive). Total eremaster 

histologie in jury scores were 

ealeulated as the sum of 

individual parameter scores 

for a given sample. 



Twenty two-hour survival analysis: 

While survival was not an end point originally intended on, we evaluated whether 

animais were de ad or alive at two different time points. Time intervals were as follows: 

immediately prior to LPS administration (4 hours after resuscitation) and at the time of 

IVM preparation (22 hours). 

Statistical analysis: 

Ali data are presented as mean ± standard error of the mean (SEM) unless 

otherwise stated. Differences between groups were compared using analysis of 

variance (ANOVA) with Bonferroni correction using Systat 10 data analysis software 

(SPSS, Chicago, Illinois). When data was not normally distributed, the Kruskal-Wallis 

Test was applied to determine significance. Twenty four-hour survival was compared 

using Chi square and confidence interval analysis for differences in binomial proportions. 

Probabilities < 0.05 were deemed statistically significant. 

Results 

0.5 

Vascular and hemodynamic 0.4 t 
t 

mechanics > 0.3 
:::: 
c. 

Withdrawn blood 0.2 

volume (mean 28.13 ± 2.81 0.1 

cc/kg) did not differ between 
0 

resuscitation groups but total HTS RL SHAM 

fluid administered (blood + FIGURE 5: Venular permeability (Ipllv, where Ip is 
perivenular light intensity and Iv is venular light intensity) was 
greater in RL animais than either sham or HTS (tvs RL, 
p<O.01), 22 hours following resuscitation. 
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crystalloid) was significantly greater in RL-resuscitated animais compared to HTS 

animais (85.99 ± 3.18 vs. 31.64 ± 1.54 cc/kg, respectively, p<0.001). Systolic blood 

pressure before (mean 109.24 ± 2.48 mmHg), and after resuscitation (mean 109.38 ± 

2.64 mmHg) was not different between the three groups but at the hypotension time 

interval both hemorrhaged groups had significantly lower blood pressure (mean 39.50 ± 

1.33 mmHg) than sham animais (mean 113.44 ± 4.66 mmHg, p<0.001 vs either RL or 

HTS groups). Red blood cell velocity (VRBc) (mean 2.84 ± 0.12 mm/sec), VMEAN (mean 

1.78 ± 0.07 mm/sec), shear rates (mean 0.53 ± 0.028 sec-1
) and shear stress (mean 0.13 

± 0.007 sec-1
) during intravital microscopy capture did not statistically differ between any 

of the study groups (p>0.05). 
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FIGURE 6: Plasma soluble ICAM-1 levels 23 hours after 
resuscitation were lower in HTS animais compared to RL 
counterparts. The statistical outlier (marked) was 
hypotensive prior to hemorrhage. If excluded from 
calculations t p=O.047 vs RL. 

animais compared to RL 

counterparts [123.7 ± 46.4 vs. 

228.7 ± 23.7 

neutrophils/100IJm/2 minutes, 

respectively, p=O.039] (Figure 

2). Both resuscitated groups 

displayed greater neutrophil rolling than sham animais [23.5 ± 5.6 leukocytyes/100jJm/2 

minutes, p<0.05 vs either RL or HTS groups]. Total neutrophil adhesion to EC was 
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similar in sham and HTS animais [1.9 ± 0.3 vs 6.3 ± 1.0 neutrophil/100jJm, respectively, 

p>0.05] but significantly lower than in RL-resuscitated animais [21.6 ± 2.4 

neutrophil/100jJm, p<0.001 vs either sham or HTS groups] (Figure 3). There were no 

statistically significant difterences in neutrophil rolling velocity between resuscitation 

groups (data not shown). Figure 4 contrasts an image displaying few adherent 

neutrophils (A) taken from footage of a HTS-resuscitated animal 18 hours after LPS 

administration with another showing several interacting neutrophils (8) taken from an RL 

animal at the same time interval. Thus, HTS animais displayed less in vivo neutrophil 

rolling and adhesion to endothelium twenty-two hours following resuscitation, to levels 

slightly higher than sham animais. 

Macromo/ecular leakage is 

reduced in HTS-resuscitated 

animais 

Vascular permeability 

(PI) was slightly higher in HTS 

than in sham mice (34.5 % ± 

1.0 and 27.4 % ± 3.4, 

respectively, p>0.05) but both 

groups displayed significantly 

less leakage than RL mice 

(47.8 % ± 1.9, p<0.01 vs either 
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FIGURE 7: The right lung was harvested for 
myeloperoxidase assay immediately following IVM, 23 
hours after resuscitation. HTS animais displayed similar 
neutrophil sequestration as controls but lower levels than 
RL counterparts (tvs RL, p<O.05). 

HTS or sham) (Figures 1 and 5). Therefore, concurrent to diminished neutrophil-

endothelial interactions, post-capillary venular macromolecular leakage was lower with 

HTS than RL 22 hours after resuscitation. 
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FIGURE 8: Lung in jury scores 23 
hours after resuscitation were higher in 
RL than in control animais (tvs RL, 
p<0.01). There was no signifieant 
difference between the scores of HTS 
and controls. Lung in jury scores were 
ealculated as the sum of individual 
parameter scores for: marginated 
intravascular neutrophils, interstitial 
neutrophils, alveolar neutrophils, 
alveolar hemorrhage, interstitial edema 
and alveolar debris. Each parameter 
was graded as follows: zero (none), 
one (seant), two (moderate) or three 
(extensive). 

Serum sICAM-1 leve/s are reduced in HTS-

resuscitated animais 

Twenty-three hour sICAM-1 circulating levels in 

HTS resuscitated animais were lower than those in RL 

counterparts (15504 ± 1083 ng/ml and 18094 ± 1448 

ng/ml, respectively, p=0.14) (Figure 6). Statistical 

analysis software found an HTS animal to be an outlier 

(marked) and reviewing the records, this animal was 

noted to be hypotensive prior to hemorrhage. (If 

excluded from calculations HTS: 14669 ± 845 ng/ml, 

p<0.047 vs. RL) 

Clrculating Neutrophils are 

diminished with RL but not 

HTS; serum chem;stry ;s 

unchanged. 

The proportion of 

circulating leukocytes that were 

neutrophils was similar in HTS, 

sham and control animais, yet 

more than 45% lower in RL 

animais (4.03 %, 3.80 %, 3.90 % 

and 1.87 %, respectively) but this 

FIGURE 9: Medium power light micrograph of lung from control 
mouse showing normal alveoli, bronchiole (BR), and small 
pulmonary artery (arrow). Neutrophils are rare, interstitial and 
alveolar edema is absent. Hematoxylin & eosin stain. Bar 
indieates 100 IJm. 

was not significant (p>0.05) (data 

not shown). Serum hemoglobin 



(mean 106.8 ± 8.6 g/L), platelets (mean 630.4 ± 33.6 X 1 09/L) , sodium (mean 148.0 ± 0.5 

mmol/L) and osmolality (mean 315.5 ± 4.5 mmol/kg) levels did not differ between groups 

at 23 hours. Thus, while blood sodium levels were unchanged, RL animais tended to 

FIGURE 10: High power light micrographs showing details of 
lungs from mice resuscitated with RL, showing (A) a 
pulmonary artery (PA) with several marginated neutrophils in 
single file and a moderate amount of interstitial edema 
around the artery. Detail (B) showing numerous 
transmigrated neutrophils (arrow) clustered in the interstitial 
space between the bronchiole (BR) and the pulmonary 
arterial branch (PA). There is interstitial edema 
predominantly around the artery. Hematoxylin & eosin stain. 
Bars indicate 50 J.Jm. 

have fewer circulating 

neutrophils compared to HTS, 

sham and control animais. 

Neuûophff sequesttaUon in 

lung is decreased in HTS-

resuscitated animaIs 23 

hours after resuscitation 

Twenty-three hours 

after resuscitation, lung 

myeloperoxidase levels in HTS 

animais were similar to that of 

controls [1.51 ± 0.46 vs. 0.49 ± 

0.17 L10D/g, p>0.05] but 55% 

lower than in RL animais [3.26 

± 0.50 L10D/g, p=0.02 vs. HTS, 

p=0.001 vs. control] (Figure 7). 

Thus, total neutrophil 

accumulation in lung tissue 

was reduced to near control 

levels at 23 hours following 

resuscitation with HTS, less 



than half found in RL eounterparts. 

Decreased lung tissue in jury fo/lowing HTS resuscitBtion 

Twenty-three hours after resuseitation, histologie lung in jury scores were higher 

in RL animais [5.5 ± 0.9] compared with controls [2.0 ± 0.6, p=0.01 vs RL]. HTS animais 

had scores that did not differ significantly from control animais [4.1 ± 0.8, p>0.05 vs 

control]. HTS animais tended to have lower lung scores than RL animais but this was 

not signifieant [p>0.05] (Figure 7). This trend predominantly reflected the greater degree 

of histologie neutrophil margination in RL as eompared to HTS animais [1.2 ± 0.20 vs. 

0.5 ± 0.15, respeetively, p=0.018]. Figure 8 shows typical lung tissue obtaining a low 

histologie injury score whieh was taken from a control animal 23 hours after 

resuseitation. Of note are the normal alveoli, bronchiole (BR), and pulmonary artery 

(arrow) with an absence of neutrophils, interstitial and alveolar edema. Figure 9 shows 

typical lung sections seored 

high for histologie in jury 

whieh were taken from RL-

resuseitated animais at the 

same time interval. Note 

the pulmonary artery (PA) 

with marginated neutrophils 

in single file and the 

moderate amount of 

interstitial edema around 

the artery (Figure 9A). FIGURE 11: Medium power photomicrograph of cremaster 
muscle from mouse resuscitated with HTS showing normal 

Figure 9B shows numerous skeletal muscle fibers supplied by small arteries (arrows). 
There are neither interstitial neutrophils nor any edema. 
Hematoxylin & eosin stain. Bar indicates 100 ~m. 
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interstitial neutrophils surrounded by interstitial edema. Thus, 23 hours after 

resuscitation, lungs trom HTS resuscitated animais displayed a reduced tissue in jury 

compared to RL 

counterparts, which 

showed significantly 

worse scores than 

control animais. 

HTS-resuscitated 

animais display less 

cremaster in jury 

Twenty-three 

hours after resuscitation, 

cremaster in jury scores 

tended to be higher in RL 

[3.8 ± 1.1] compared to 

HTS animais [2.2 ± 0.6, 

p>0.05]. Figure 11 

shows normal cremaster 

tissue taken trom an 

animal 23 hours after 

HTS resuscitation, 

revealing normal skeletal 

muscle with tew 

marginated neutrophils 

FIGURE 12: High power details of cremaster muscle from mouse 
resuscitated with RL showing a small vessel with prominent 
margination of neutrophils (arrow) (A). A second detail showing 
skeletal muscle fibers infiltrated by rows of neutrophils in the 
edematous interstitial space (arrows) (B). Hematoxylin & eosin 
stain. Bars indicate 50 ~m. 



and absent interstitial edema. Figure 12 shows details of cremaster sections from RL 

resuscitated animais. Prominent margination of neutrophils is seen in a small cremaster 

vessel (A) and skeletal muscle fi bers are infiltrated by rows of neutrophils in edematous 

interstitium (8). Hence, as in the lungs, cremaster tissue tended to display less tissue 

in jury in HTS animais compared to RL counterparts. 

Twenty two-hour survival 

Immediately prior to LPS administration survival of animais was recorded. At this time, 

10 of 11 (90.0%) HTS-resuscitated animais were alive while 15 of 20 (75.0%) RL 

animais had 

survived (P>0.05). 

Twenty-two hours 

after resuscitation, 

prior to IVM 

analysis and 

sacrifice, 9 of 11 

(81.8%) HTS and 8 

of 20 (40.0 %) RL 

animais were still 

alive (p=0.025) 

(Figure 13). 
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FIGURE 13: Animal mortality was recorded prior to LPS administration 
(T=4 hours) and the following day, immediately prior to IVM preparation 
(T=22 hours). At the second time point the HTS group demonstrated a 
higher survival than the RL group. (tp=O.025 vs RL) 

For more than 30 years, administration of isotonie crystalloids has been the main 

treatment to restore effective circulating volume and re-establish cardiac and vascular 

hemodynamics in hypotensive conditions. Nonetheless, isotonie resuscitation often 
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requires the administration of large fluid volumes as the greater part of infused fluid 

readily leaks out of capillaries into the interstitial space. Such large fluid administration 

may lead to tissue edema, most evident in the lungs of resuscitated trauma victims who 

develop the acute respiratory distress syndrome (ARDS)(28). 

Hypertonie crystalloid resuscitation, on the other hand, has the potential logistic 

benefits of greater portability and more rapid administration since much smaller 

quantities are required for rapid restoration of effective circulating volume. Contrarily to 

isotonie fluids, the fluid remains intravascular, drawing water from interstitial and 

intracellular spaces, making it an ideal alternative to avoid the systemic tissue edema of 

massive isotonie resuscitation. Several large, multicentric, randomized, controlled trials 

were launched in the early 1990s to evaluate whether this perceived advantage would 

improve the mortality and morbidity of hypotensive trauma patients(6, 29, 30). These 

and other trials confirmed the efficacy and safety of hypertonie saline resuscitation, 

demonstrating advantages over standard isotonie crystalloid in certain subgroups of 

surgical and head injured patients(1, 4-6). Additionally, hypertonie resuscitation 

appeared to reduce complications of resuscitated hemorrhagic shock such as 

coagulopathies, renal failure and ARDS(6). These and other studies have lead certain 

institutions to recommend HTS as the first line resuscitative fluid for hemorrhagic shock 

casualties on the battlefield(31). 

The detrimental effects of hemorrhagic shock followed by standard resuscitation 

are underscored in 'two-hit' conditions. The two-hit theory maintains that a major 

systemic insult to the host (such as severe hemorrhagic shock) renders the host 

vulnerable to a subsequent apparently innocuous second insult (such as a 

gastrointestinal bleed, an aspiration or a urinary tract infection), which precipitates the 

host into the systemic inflammatory response syndrome (SIRS), frequently resulting in 

organ dysfunction and death(32). Experimental models emulating two-hit conditions 
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have implicated different immune cells in the over-exuberant host response that leads to 

systemic inflammation and the multiple organ dysfunction syndrome (MODS). The 

polymorphonuclear neutrophil (PMN), an essential member of the innate, non-specifie 

immune system, appears to play a key role in the host tissue in jury that occurs with 

systemic inflammation(7, 33). 

ln physiologie conditions, neutrophil phagocytosis and degranulation (the release 

of proteases and reactive oxygen species [ROS]) are part of the host's first line of 

defence against in jury or pathogen invasion. To access tissue in jury debris and invading 

pathogens, circulating neutrophils must undergo a sequence of controlled and organized 

steps to depart the intravascular space. First marginating out of central vessel flow, 

neutrophils interact weakly with endothelial cells through surface selectins (L, E and P) 

undergoing a torsional deceleration, which results in their rolling along the surface of the 

vessel wall(34). This close cellular proximity allows for stronger bonds to develop 

between neutrophil l3-integrins (CD11 a/CD11 b) and endothelial surface adhesion 

molecules of the immunoglobulin superfamily (ICAM-1, ICAM-2)(35). These latter 

interactions result in the complete arrest of the neutrophil on the vessel wall (neutrophil 

adhesion), a critical step for neutrophil transmigration. Subsequent transit of the 

neutrophil between endothelial cells to the interstitial milieu involves other, less weil 

characterised adhesion molecules (platelet endothelial cell adhesion molecule [PECAM] 

and others). Once in the interstitium, the PMN migrates down a chemotactic gradient to 

reach and destroy pathogens or engulf tissue debris(36). 

This well-organized sequence of steps is thought to become generalized and 

aberrant in two hit conditions creating global inflammation. No longer under adequate 

control, neutrophil/endothelial interactions become over-exuberant and unbridled, 

causing the indiscriminate release of ROS and proteinases which damage the vessel 

wall, increasing microvascular permeability, tissue edema and organ injury(37). The 
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susceptibility of trauma patients to develop ARDS in the days that follow the initial in jury 

attests to the particular vulnerability of the pulmonary system to systemic inflammation 

occurring in two-hit conditions(38). 

Recent evaluations of hypertonic saline have demonstrated significant immune 

modulating effects on neutrophils and endothelial cells. In vitro hypertonicity blunts 

neutrophil cytotoxicity(39), phagocytosis(40, 41) and degranulation(42, 43). In vivo 

animal models of burns, pancreatitis and ischemia/reperfusion have further 

demonstrated HTS-related attenuation of tissue bacterial invasion as weil as lung in jury 

and sequestration of neutrophils(44-47). In vivo hemorrhagic shock models have also 

demonstrated diminished neutrophil oxidative burst as weil as neutrophil sequestration 

and transmigration in lung(18, 22). Moreover, two-hit hemorrhagic shock models have 

also shown HTS-related reductions in tissue bacterial contamination, pulmonary 

neutrophil sequestration and transmigration as weil as pulmonary capillary leakage 

several hours following resuscitation( 11, 19, 20). Furthermore, these and other two-hit 

animal models correlate diminished neutrophil sequestration with attenuated tissue in jury 

in lung and liver following HTS resuscitation. 

The current study concurs with these results, demonstrating a trend to improved 

histologie in jury in lung and eremaster 23 hours following resuscitation with HTS. More 

importantly, it provides novel in vivo confirmation of these long-term ex vivo results by 

revealing half the rolling and a third the adherent neutrophils in HTS animais compared 

to RL eounterparts, at the same time interval. These findings were also eorroborated by 

myeloperoxidase tissue levels, whieh eoneurrently demonstrated 54% less lung 

neutrophil sequestration in HTS than RL resuscitated animais. Furthermore, histologie 

score breakdown into eomponent parameters substantiated in vivo attenuations in 

EC/PMN interactions by identifying 60% fewer marginating neutrophils (histologic 

equivalent of EC/PMN interactions) in the pulmonary and eremaster vessels of HTS 
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animais at the same time interval. In conjuction with our previous studies demonstrating 

in vivo attenuations of EC/PMN interactions by HTS occuring immediately following 

resuscitation and shortly after we can conclude that HTS attenuates early PMN 

interactions with endothelium, an effect which persists weil beyong the initial post

resuscitative phase and which is associated with diminished lung in jury and PMN 

sequestration at 24 hours. 

Several hemorrhagic shock models (one and two-hit) have demonstrated 

diminished endothelial and neutrophil adhesion molecule expression with HTS 

resuscitation(10, 11, 13, 48, 49). In particular, ICAM-1 expression appears to be 

significantly influenced by hypertonicity. Both, ICAM-1 protein and mRNA expression 

was reduced in endothelial monolayers following in vitro exposure to hypertonie 

media(14). In the same study, hepatic ICAM-1 mRNA was attenuated in an in vivo 

hepatic ischemia/reperfusion model if pre-treatment with HTS instead of NS was 

employed. In another study, Sun and colleagues found elevated lung and spleen ICAM-

1 protein and mRNA elevations with RL resuscitation of hemorrhagic shock which were 

not seen when hypertonie saline was used(13). In another two-hit model of hemorrhagic 

shock followed by intratracheal LPS, lung ICAM-1 expression was reduced by 50% in 

HTS animais compared to RL counterparts 7 hours after hemorrhage(11). Hypertonie 

effects on soluble ICAM-1, which is shed following severe endothelial activation has 

never been evaluated previously. Soluble ICAM-1, a circulating marker of endothelial 

activation has beeen emerging as an indicator of systemic inflammation. Several human 

studies have demonstrated sICAM-1 elevations with systemic inflammation, linking 

higher levels to worse outcomes. In patients with pancreatitis(50), aortic aneurysm 

repair(51), sepsis(52, 53) and trauma(54, 55), elevated levels of sICAM-1 were 

correlated with severity of disease, the development of multiple organ failure and even 

death. In the current study, 23-hour sICAM-1 levels were not evaluated in animais that 
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died prior to completing the study protocol. Due to a 60% mortality rate with RL 

resuscitation, levels were measured in only 8 animais. Despite this bias, sICAM-1 levels 

were 15% higher in RL than HTS animais. If dead animais had also been evaluated, 

perhaps the difference may have been much greater. 

The advent of intravital microscopy (IVM) has permitted live observation of the 

microcirculation, enabling investigators to confirm that HTS not only attenuates PMN and 

EC adhesion molecules, but their in vivo interactions as weil. Different burn, trauma and 

ischemia/reperfusion animal models employing IVM, have shown fewer PMN-EC 

interactions with HTS infusions(56-59). Similarly, single hit hemorrhagic shock IVM 

models have shown decreases in neutrophil rolling and adhesion to endothelium early on 

after hypertonie saline resuscitation( 15-17). Our group previously reported that, in a 

similar two-hit IVM model of hemorrhagic shock followed by mimicked infection, HTS 

attenuated 5-hour neutrophil adhesion to endothelium and subsequently decreased 24-

hour ex vivo lung neutrophil sequestration, margination and transmigration(20). The 

present study restates late ex vivo reductions in neutrophil sequestration, transmigration 

and tissue in jury, but additionally, reveals continued in vivo attenuation of EC/PMN 

interactions one day after resuscitation with HTS. 

The duration of HTS immune modulation remains ambiguous. Sorne 

investigators have suggested that HTS effects last only as long as the PMN is in a 

hyperosmolar milieu. In one study, in vitro experiments demonstrated that activated 

PMNs previously exposed to hypertonie media for 5 minutes displayed reduced CD11 b 

expression and cytotoxicity (elastase and superoxide release) which returned to normal 

once normotonicity was restored(12). On the other hand, another study also evaluating 

in vitro CD11 b expression by neutrophils exposed to hypertonicity found that PMN 

incubation in hypertonie media had to last much longer than 5 minutes, requiring a 

minimum of 4 hours before eliciting a blunted upregulation of CD11 b(60). Unfortunately, 
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the in vitro nature of these studies excludes critical contributions from multiple other 

elements of the microcirculatory milieu, known to profoundly influence physiologic and 

pathologic neutrophil function and structure (endothelial cells, lymphocytes, 

macrophages, complement, cytokines, hormones etc.). Furthermore, in clinical 

conditions, while the initial sharp rise in serum sodium and osmolality after HTS infusion 

is short lived, a lesser degree of hyperosmolality is maintained for several hours later(11, 

61). It is unclear how long this mild elevation in plasma tonicity lasts and when it returns 

to pre-infusion levels. An in vivo study using a two-hit rodent hemorrhagic shock model 

also investigated duration of HTS immune effects. The authors report that HTS 

resuscitation reduced broncoalveolar neutrophil sequestration and PMN CD11 b 

expression shortly after resuscitation but that 18 hours later, both these parameters were 

indistinguishable to those found in RL resuscitated counterparts(60). Unfortunately, this 

evaluation only examined HTS effects on PMN CD11 band did not assess the 

endothelial counter ligand (ICAM-1) nor other adhesion molecules involved in neutrophil 

interactions with endothelium (selectins, CD11 a, PECAM etc). Furthermore, the 

reported inability of HTS to maintain attenuated PMN tissue sequestration at this time 

interval is in contradistinction to several other studies demonstrating HTS-mediated such 

attenuations persisting for up to 72 hours after infusion( 18-20). 

Several authors have reported how the ability of HTS to attenuate neutrophil 

sequestration and transmigration into tissue persists weil beyond the hours that follow 

resuscitation. In one hemorrhagic shock study, HTS resuscitation resulted in reductions 

of marginated (histology) and transmigrated (histology and bronchoalveolar lavage PMN) 

neutrophils in lung 24 and 72 hours following resuscitation(18). Another study using a 

two-hit model of hemorrhagic shock followed by cecal ligation and puncture resulted in 

fewer marginated and interstitial PMN (included as part of lung in jury scores) at 24 hours 

if HTS had been used instead of RL(19). In the current study, this persistence of 
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aUenuated histologie neutrophil-endothelial interactions one day after resuscitation has 

been demonstrated histologically after observing in vivo HTS-resuscitated animais with 

55% the rolling and more strikingly, 29% the adherent neutrophils found in RL 

counterparts. 

End organ benefits including less tissue leukosequestration, edema and in jury 

are also known to last beyond the acute hyperosmolar phase that follows HTS 

resuscitation. In pancreatitis and ischemia/reperfusion models HTS resuscitated animais 

exhibit persistent reductions in lung leukosequestration, edema and macromolecular 

vascular leakage at 24 and 72 hours(45, 46). Coimbra and colleagues have 

demonstrated that mice subjected to hemorrhage and subsequent cecal ligation and 

puncture (CLP) continued to show improved lung and liver in jury one day after HTS 

resuscitation( 19). One hit hemorrhagic shock models also report persistent 

histopathologic improvements with hypertonie saline at 24 hours and beyond(18, 22). We 

additionally demonstrated in vivo vascular leakage to be 28% less with HTS resuscitation 

than with RL at 22 hours. Several ex vivo studies have previously demonstrated 

diminished tissue edema with HTS resuscitation in sepsis(62), burns(63), 

pancreatitis(45) and in ischemia/reperfusion(46). Intravital microscopie evaluation of 

macromolecular leakage also reveals HTS-related reductions in sepsis(64), burns(65) 

and ischemia reperfusion(59). Likewise, in hemorrhagic shock models, resuscitation 

with hypertonie regimens has shown diminished tissue edema(13, 18, 19, 22, 48) as weil 

as decreased in vivo short term microvascular leakage of macromolecules(11, 15). The 

present study introduces in vivo substantiation that HTS decreases microvascular 

permeability up to a day following HTS resuscitation, confirming existing ex vivo 

evidence of reduced long term tissue edema. It further demonstrates evidence that 

these in vivo findings can be correlated with evidence of reduced EC/PMN interactions 

and PMN tissue sequestration by HTS using more traditional ex-vivo methods. The 
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mechanism by which this reduced accumulation of PMN in tissue occurs remains to be 

determined. 

Taken together, these other studies coupled with findings of the present study 

suggest that HTS resuscitation continues to affect neutrophil-endothelial interactions and 

tissue neutrophil-mediated in jury and edema beyond the hours that serum osmolality and 

tonicity are acutely elevated. 

Our study also found no alterations in ratio of circulating neutrophils to leukocytes 

in HTS resuscitated animais 23 hours following resuscitation. As in control and sham 

counterparts, HTS animais had twice the ratio of circulating neutrophils as was found in 

RL counterparts. This could be explained in part by the greater PMN tissue 

sequestration in RL animais than in HTS mice as demonstrated by lung myeloperoxidase 

levels. Indeed, one could speculate that the greater proportion of intravascular 

neutrophils circulating freely in HTS animais corresponds to fewer interacting with 

endothelium at the vessel periphery at any given time interval. 

Finally, HTS resuscitation resulted in twice the 22-hour survival as that found in 

RL animais. Unfortunately no autopsies were performed in dead animais which may 

have better revealed the cause of death. Coimbra and colleagues who also reported a 

fivefold survival advantage in hypertonie saline resuscitated animais using a two hit 

hemorrhage and abdominal infection mOdel, did perform autopsies which demonstrated 

better containment of infection (abscess formation) and diminished hepatic and 

pulmonary histologie in jury. We propose that the survival advantage associated with 

HTS resuscitation in our model originated tram persistently attenuated neutrophil 

activation and interactions with endothelium resulting in less neutrophil mediated organ 

damage. 
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ln summary the eurrent study has brought novel in vivo evidenee that hypertonie 

saline attenuates EC-PMN interactions and mierovaseular permeability whieh was 

eonfirmed ex vivo by redueed lung myeloperoxidase levels and less histologie in jury weil 

beyond the initial hours following resuscitation. Furthermore, these benefits were 

associated with improved survival with HTS resuseitation in this murine model. 

Additional elinieal studies will be needed to establish these immune benefits in humans 

and to determine the immune advantages, if any, to administering hypertonie saline to 

trauma vietims. 
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Preface to manuscript #5 

Thus, HTS resuscitation reduces tissue neutrophil accumulation and in jury 

concomitantly attenuating in vivo endothelial neutrophil interactions and vascular leakage 

beyond the initial resuscitation phase. 

Yet, it is unclear which of the multiple effects of HTS on the function and structure 

of neutrophils, endothelium and other cells is essential or most critical in reducing organ 

in jury. Clearly, most late deaths in hemorrhagic shock victims occur secondary to 

systemic inflammation and organ in jury. While several reports have demonstrated many 

immune alterations after HTS resuscitation, no study has conclusively shown which of 

these is directly responsible for HTS benefits in reducing lung in jury. Is reduced EC or 

PMN adhesion molecule expression by HTS truly causative of aUenuated lung in jury or 

simply a concomitant but unrelated finding? Are fewer EC/PMN interactions simply 

associated with or are they essential for better histopathologic morphology in HTS 

resuscitated animais? 

The fifth manuscript elucidates the importance of reduced adhesion molecule 

expression and fewer EC/PMN interactions found with HTS resuscitation. Through the 

artificial blockade of neutrophil adhesion in RL resuscitated animais we evaluated 

whether adhesion blockade is indeed an important mechanism by which HTS attenuates 

pulmonary in jury. Live observation of the microcirculation in these animais confirms that 

the model is working and that the comparison is adequate. Surprisingly, RL 

supplementation with anti adhesion blockade does not reduce lung in jury, on the 

contrary, tending to worsen histopathology compared to resuscitation with isotoic 

crystalloid alone. These findings indicate a less than essential role of the much 

discussed blunting of adhesion molecule expression and EC/PMN interactions by HTS 

resuscitation suggesting other functional effects of hypertoniciy as the basis of 

reductions in organ in jury. 
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Abstract 

Compared to Ringer's lactate (RL), hypertonie saline (HTS) resuscitation of hemorrhagic 

shock diminishes endothelial cell (EC) and neutrophil (PMN) adhesion molecule 

expression and attenuates PMN mediated tissue in jury. We hypothesized that 

hemorrhagic shock resuscitated with either RL supplemented with anti-adhesion 

monoclonal antibodies or HTS alone would be equally effective in reducing PMN 

activation, tissue sequestration and lung in jury. 

Methods: Murine PMNs activated in vivo by hemorrhagic shock resuscitated with shed 

blood and either 7.5% NaCI (4cc/kg) or RL (twice shed blood volume) were activated by 

LPS in vitro. Post-activation PMN L-selectin and CD11 b were determined by 

flowcytometry. In separate experiments, blinded intravital microscopy quantification of in 

vivo PMN/EC interactions and venular leakage (epifluorescence after 50mg/kg FITC

albumin) 3 hours after resuscitation were evaluated on cremaster in a two-hit murine 

hemorrhagic shock model (blood loss with 1 hour hypotension [40mmHg] followed by 

resuscitation and 1 hour later by 10 I-Ig intra-tracheal LPS). Resuscitation was with HTS 

or RL (as above) supplemented with either monoclonal antibodies against CD11 b & 

ICAM-1 (HTSb, n=9; RLb, n=9) or their isotype controls (HTSn, n=8; RLn, n=8). At 24 

hours, animal activity was graded subjectively, lung myeloperoxidase (MPO) assessed 

PMN sequestration and lung and cremaster histologie analysis ascertained tissue in jury. 

Results: ln vitro activation of primed HTS neutrophils demonstrated blunted upregulation 

of CD11b. Compared to RLn, HTSn and RLb equally reduced neutrophil adhesion (-

74%*, -58%*, respectively) and lung neutrophil sequestration (-56%*, -47%*). HTSn 

was superior to RLb at reducing venular permeability (-42%*, -30%), and at improving 

subjective murine activity (+188%*, +97%). However, lung histological in jury was only 

reduced by HTSn (-72%*) as RLb resulted in increased in jury (+28%). HTSb did not 

differ to HTSn in any measured parameter. (*psO.05) 

Conclusions: Compared to HTS, hemorrhagic shock resuscitation using RL 

supplemented with anti-adhesion blockade, results in similar reductions in PMN 

recruitment in the microcirculation and lung parenchyma. Yet, HTS additionally provides 

definitive improvements in microvascular integrity and murine activity. More 

importantltly, only HTS is able to reduce lung in jury 24 hours after resuscitation. HTS 

resuscitation in hemorrhagic shock blunts tissue in jury independent of its ability to 

functionally block EC and PMN adhesion molecules. 
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For several decades, it has been customary to resuscitate hemorrhagic shock 

with large volumes of isotonie solutions. The multiple drawbacks of requiring such large 

volume infusions have lead investigators to study alternatives such as hypertonic fluids 

which require a fraction of such volumes to obtain the same resuscitative effect. Four 

milliliters per kilogram of 7.5% sodium chloride (hypertonic saline, HTS) for the initial 

resuscitation of traumatic shock can be administered easily and rapidly, providing a 

significant logistic advantage, both in battlefield and urban trauma settings. Furthermore, 

the small volume required offers particular advantages in lung and head-injured patients 

as it may diminish third space fluid sequestration. Large, randomized clinical trials 

comparing hypertonic with standard isotonic resuscitation using Ringer's lactate (RL) 

were able to demonstrate equally safe and efficient restoration of systemic 

hemodynamics by both solutions 1.5. Additionally, these and other studies conducted in 

the 1990s have demonstrated HTS-mediated reductions in post-resuscitation morbidity 

and survival advantages in subgroups of head-injured and surgical patients. 

The recent resurgence of interest in hypertonic saline follows reports of its 

immune modulatory effects in the setting of systemic inflammation. Major host insults 

such as multiple trauma, sepsis, pancreatitis and severe hemorrhagic shock can result in 

uncontrolled systemic inflammation leading to multiple organ dysfunction syndrome 

(MODS) and death6
. The so-called 'two-insult' or 'two-hit' model underscores the means 

by which this destructive sequence of events develops. This theory maintains that when 

the host survives a major systemic insult such as trauma, it may become particularly 

vulnerable to subsequent apparently innocuous insults (blood transfusion, pulmonary 

aspiration, minor gastro-intestinal bleed). The advent of this second stimulus or 'hit' 

triggers the host immune response which becomes self sustained and unbridled, causing 

globalized systemic inflammation and collateral in jury to remote organs7
. In trauma 

victims, the lung is particularly vulnerable to second 'insults' as is evidenced by the high 

154 



incidence of posttraumatic development of the acute respiratory distress syndrome 

(ARDS)8. Histopathologically, ARDS and other conditions of systemic inflammation 

display microvascular damage, tissue neutrophil infiltration, loss of capillary integrity, 

tissue edema, and parenchymal organ in jury. The polymorphonuclear neutrophil (PMN), 

an essential constituent of the innate non-specifie host immune response, and 

particularly its interactions with endothelial cells (ECs) appear to play a pivotai role in the 

development of organ in jury in the setting of systemic inflammation. 

ln physiological conditions, the neutrophil must pass from the circulation to the 

interstitial space to reach invading pathogens or debris of tissue in jury. This process 

begins with margination of the neutrophil out of central vessel flow, and its weak 

interaction with ECs through surface selectins (L, E, P-selectin) and their 

countereceptors (SLeX
)9. The resulting torsional force applied to its surface compels the 

neutrophil to roll on the vessel wall. PMN rolling permits stronger interactions to develop 

between neutrophil surface j3-integrins (CD18/CD11a/CD11b) and endothelial adhesion 

molecules of the immunoglobulin superfamily (intercellular adhesion molecule 1 [ICAM-

1], ICAM-2)1O. These latter interactions result in firm adhesion of the neutrophil to the 

endothelial cell, an essential step for its subsequent extravascular transmigration and for 

its migration to the area of in jury or pathogen invasion 11. Once there, through 

phagocytosis and degranulation (the release of reactive oxygen species [ROS] and 

proteases), neutrophils engulf and destroy tissue debris and pathogens. While this 

process is orderly and controlled in physiologie conditions, in the setting of systemic 

inflammation it may become self-perpetuating, unbridled and destructive to the host 

itself. There, neutrophil-endothelial (PMN/EC) interactions become systemic and 

unrelenting, resulting in the sequestration of PMNs in capillary beds and their 

indiscriminate release of proteases and ROS, cytotoxic to endothelium. Endothelial 

in jury compromises microvascular integrity, causing interstitial plasma leakage, tissue 
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edema, and eventual organ dysfunction. Two hit models have highlighted the tissue 

in jury and organ dysfunction mediated by aberrant PMN/EC interactions 12-17. 

The participation of uninhibited EC/PMN interactions in systemic inflammation 

can be further illustrated in studies where monoclonal antibodies against neutrophil or 

endothelial adhesion molecules blunt the degree of tissue damage incurred in different 

host in jury models. For example, blockade of adhesion molecules responsible for 

neutrophil rolling (selectins, SLex) has been shown to attenuate EC/PMN interactions, 

improve liver, lung, adrenal and cardiac function while increasing survival in hemorrhagic 

shock models 18-24. Likewise, monoclonal blockade against receptors responsible for the 

adhesion phase (CD11/18, ICAM) also blunts indiscriminate PMN/EC interactions and 

neutrophil accumulation in tissue25
-
28

. Various host in jury models have reproduced these 

beneficial effects of adhesion receptor blockade in sepsis29
-
32

, trauma33
, 

ischemia/reperfusion34
.
35 and burns36

. 

Hypertonic fluids have multiple effects on EC and PMN adhesion molecule 

expression. Selectins, which are responsible for neutrophil rolling are variably affected 

by HTS administration. In vitro experiments exposing neutrophils to hypertonic media 

have reported contradictory effects on L-selectin shedding 17.37. In vivo models evaluating 

animais resuscitated from shock with hypertonic saline also report inconsistent 

results 17,38,39. Yet, HTS administration to healthy human volunteers consistently 

demonstrates reductions in activated PMN L-selectin shedding40
.4

1
. Effects of 

hypertonicity on the expression of endothelial E and P-selectin also remain 

ambiguous38.42
-44, 

Adhesion molecules involved in the adhesion phase of PMNs are more 

consistently altered by hypertonic saline, ln most studies, CD11 b expression is reduced 

by hypertonicity in vitro17
.45.4

6 and in ViV017
.40.4

1
.47.48. Endothelial expression of adhesion 

molecules responsible for firm PMN adhesion is likewise blunted by HTS17
.49,50. Hence, it 
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appears that HTS primarily blocks the expression of adhesion molecules responsible for 

firm neutrophil adhesion to endothelial cells. 

The hypertonie effect of functional blockade of receptors involved in EC

PMN interactions has been verified in live microcirculatory beds. Intravital microscopy 

(IVM) evaluating the microcirculation in ischemia/reperfusion, trauma and, burn models 

have confirmed diminished leukocyte interactions with endothelium following HTS 

infusions51 -54. Similarly, IVM studies of hemorrhagic shock models by our group and 

others have demonstrated diminished leukocyte adhesion and interactions with 

endothelial cells following HTS resuscitation 13.55-58. 

More importantly, hypertonie saline resuscitation of multiple conditions 

has consistently resulted in attenuated tissue-Ievel in jury. HTS administration in local or 

systemic host insults reduces pathogen translocation into tissues59-65, and PMN 

mediated tissue injury64.66-68. In particular, HTS resuscitation results in attenuated tissue 

neutrophil sequestration and lung/liver in jury in one and two-hit hemorrhagic shock 

models 13.17.39.42.47.65.69. Furthermore, these and other in jury models have shown HTS

mediated reductions in vascular leakage and tissue edema55.70-72. Taken together, this 

data suggests that attenuated tissue in jury following HTS resuscitation, may be 

principally due to the functional blockade of PMN and EC adhesion molecules exerted by 

HTS. 

We thus hypothesized that standard RL resuscitation supplemented with 

adhesion molecule blockade would result in reductions of EC/PMN interactions and 

tissue in jury indistinguishable from that observed with HTS resuscitation alone. To study 

this hypothesis we used three series of experiments. First, to determine which PMN 

adhesion molecule was most important, activated L-selectin and CD11b expression was 

evaluated in PMN previously primed in vivo by hemorrhagic shock resuscitated with 

either HTS or RL. Demonstrating HTS effects primarily on CD11 band using the results 
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of a previous study on ICAM-1 lead us to postulate adhesion itself as the single EC/PMN 

interaction step most influenced by HTS. We thus chose MAbs which completely 

blocked the step of adhesion rather than either PMN or EC adhesion molecules 

responsible for adhesion. Subsequent experiments compared resuscitation with HTS 

alone to RL supplemented with monoclonal antibodies against EC and neutrophil 

receptors responsible for adhesion. In phase Il, early in vivo leukocyte endothelial 

interactions and microcirculatory permeability in live cremaster tissue was compared in 

these study groups. Phase III completed the study by comparing long term (24-hour) 

animal activity, histologie tissue in jury, and neutrophil sequestration with the different 

resuscitation regimens. Both latter phases employed a previously validated two hit 

murine model of resuscitated hemorrhagic shock followed by mimicked infection using 

intratracheal LPS. 

Malerials and Melhods 

Reagents 

Lactated Ringer's [RL] and normal saline [NS] solutions were purchased from 

Baxter Corporation (Toronto, Ontario), heparin (10 000 USP units/ml) from Organon 

Teknika (Toronto, ON), ketamine from Wyeth-Ayerst (Guelph, ON) and xylazine from 

Bayer (Etobicoke, ON). Potassium phosphate [KH2P04], was purchased from Merck & 

Co. (Montréal, QC), 3,3',5,5'-tetramethyl-benzidine [TMB], bovine fluorescein 

isothiocyanate (FITC)-Iabeled albumin, 0.5% bovine serum albumin [BSA] and 

lipopolysaccharide [LPS, Escherichia coli 0127:B8] from Sigma Chemical Company (St

Louis, MO) while hexadecyltrimethyl-ammonium bromide [HTAB], N,N,-dimethyl 

formamide [DMF], sodium azide 0.1 % and 30% hydrogen peroxide [H20 2] were from 
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Fisher Scientitic (Fair Lawn, NJ). Seventy percent glutaraldehyde was purchased trom 

Canemco Inc. (St-Laurent, QC). Phosphate buffered solution [PBS] (pH 7.2) and tetal 

bovine serum [FBS] were bought trom Gibco BRL (Burlington, ON). Flow cytometry 

monoclonal Iysing solution waspurchased trom BD PharMingen (Oakville, ON). Media B 

(PBS, 0.5% BSA, and sodium azide 0.1 %), bicarbonate buffered solution [BBS] (NaCI 

132 mM, KCI 4.7 mM, CaCI2 2 mM, MgCI2 1.2 mM, NaOH 18mM, pH 7.4), 3% 

glutaraldehyde [GA] (70% stock diluted in 0.1 M KH2P04 [pH7.4]) and hypertonie saline 

[HTS] (7.5% NaCI in dH20) were constituted in our laboratory. 

Monoclonal Antibodies 

Monoclonal antibodies (MAbs) used in flow cytometry analysis were 

phycoerythrin (PE)-Iabeled anti-L-selectin purchased trom Cedarlane, (Hornby, ON) and 

FITC-Iabeled anti-CD11 b from Beckman-Coulter (Burlington, ON). Blocking monoclonal 

antibodies used in vivo were purified rat anti-mouse CD11 b monoclonal antibody (clone 

M1/70, 1 mg/ml) and puritied rat IgG2bK negative isotype standard antibody trom BD 

Biosciences (Mississauga, ON). Functional grade purified rat anti-mouse ICAM-1 

monoclonal antibody (clone YN 1/1. 7.4, 1 mg/ml) and functional grade rat IgG2bK isotype 

control antibody were from eBioscience (San Diego, CA). Ali antibody preparations were 

sodium azide-free and antibody lots were tested to ensure endotoxin levels were below 

0.01 ng/lJg of protein. 

Study groups and experimental protocols 

Experiments were divided into three phases: To determine the effect of HTS on 

adhesion molecules, phase 1 involved in vitro LPS activation of murine PMNs previously 

primed in vivo by subjecting the animal to hemorrhagic shock and resuscitation with 

either HTS or RL. Using phase 1 results, phase Il and III experiments attempted to shed 
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light on the mechanism by which HTS diminishes tissue in jury. This was done by 

blocking a precise adhesion molecule (identified in phase 1) and its ligand in a two-hit in 

vivo murine model of hemorrhagic shock/resuscitation followed by intratracheal LPS 

administration one hour later. 

Phase 1: Fourteen CD1 mice underwent hemorrhagic shock and were 

randomized to resuscitation by one of two resuscitation regimens: RL: resuscitation with 

lactated Ringer's, (twice the volume of withdrawn blood) immediately followed by ail shed 

blood (n=7) or HTS: resuscitation with 4cc/kg of 7.5% hypertonie saline immediately 

followed by ail shed blood (n=7). Animais were sacrificed 15 minutes after the end of 

resuscitation and their blood collected by cardiac puncture. Primed PMNs were then 

activated in vitro with subsequent adhesion molecule determination by flowcytometry 

analysis as delineated below. 

Phase Il and III: Fifty-two CD1 mice underwent hemorrhagic shock and were 

randomized to one of four resuscitation arms: HTSb: administration of 851J1 of anti

CD11 b MAb and 651J1 of anti-ICAM-1 MAb prior to resuscitation with 4cc/kg of 7.5% 

hypertonie saline immediately followed by ail shed blood (n=12), HTSn: administration of 

1501J1 of isotype control MAb prior to resuscitation with 4cc/kg of 7.5% hypertonie saline 

immediately followed by ail shed blood (n=10); RLb: administration of 851J1 of anti-CD11 b 

MAb and 651J1 of anti-ICAM-1 MAb prior to resuscitation with lactated Ringer's, (twice the 

volume of withdrawn blood) immediately followed by ail shed blood (n=12), RLn: 

hemorrhagic shock, administration of 1501J1 of isotype control MAb prior to resuscitation 

with lactated Ringer's, (twice the volume of withdrawn blood) immediately followed byall 

shed blood (n=10). Once resuscitation was completed, animais were returned to their 

cages and ail received intratracheal LPS one hour later. Animais from each resuscitation 

arm were then evaluated at twO time intervals depending on the phase they were 

assigned to. Phase Il animais from ail four resuscitation groups were evaluated 3 hours 
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after resuscitation with intravital microscopy analysis (n=23). Phase III animais were 

evaluated 24 hours after resuscitation for subjective functional animal activity, their lungs 

and cremaster were harvested and their serum analyzed for hematology and chemistry 

(n=24). Control animais underwent no surgical manipulation, hemorrhage nor 

resuscitation but were sacrificed for lung harvesting (n=8). 

Hemorrhagic shock model (Phase 1, Il, and III) 

Approval was obtained from the McGili University Health Center Animal Care 

Committee prior to experiments. CD1 male mice (Charles River: St-Constant, QC), 25-

30gm, were fed ad libitum and housed in standard care facilities for 3-5 days prior to 

study. Acclimated mice were anaesthetized by intra-peritoneal (i/p) injection (xylazine: 

6.7mg/kg, ketamine: 13.4mg/kg) and the right carotid artery was cannulated with 

polyethylene (PE)-10 tubing. This catheter was used for continuous blood pressure 

monitoring through a pressure transducer (Living Systems Instrumentation: Burlington, 

VT), as weil as for blood withdrawal and for administration of blood, resuscitation fluids, 

and intermittent 501J1 boluses of xylazine/ketamine solution to maintain anaesthesia. 

Hemorrhagic shock was induced by withdrawing blood from the carotid artery 

over 5 to 7 minutes into a tuberculin syringe previously flushed with 25U heparin until 

mean arterial pressure (MAP) reached 40 mmHg. Hypotension was maintained for 60 

minutes, by further blood withdrawals if MAP rose above 45 mmHg, or by re-infusions of 

withdrawn blood if MAP fell below 35 mmHg. Following the hypotension period ail 

animais were resuscitated with a crystalloid regimen in addition to shed blood. 

Additionally, Phase Il and III animais received assigned monoclonal antibodies 

immediately prior to resuscitation (see above). These fluid resuscitation regimens have 

been used extensively in the literature and have been shown to adequately resuscitate 

animais 13.39.55.69.73. Animais that were still hypotensive after resuscitation for any reason 
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were discarded from data analysis. The carotid artery was then ligated, the cervical 

incision closed and the animais returned to their cages. Phase 1 animais were sacrificed 

15 minutes later for blood collection while Phase Il and III animais remained in their 

cages until one hour later when they received intratracheal LPS and were then evaluated 

and sacrificed at different times. 

Intratracheal LPS instillation (Phase 1/ and III) 

Phase Il and III animais underwent intraperitoneal (i/p) anaesthesia one hour 

after resuscitation from hemorrhagic shock, and their cervical incision was reopened. 

Pretracheal muscles were spread bluntly exposing the tracheal rings and 201J1 LPS 

(500IJg/ml) were injected into the trachea under direct vision using a 0.5cc insulin 

syringe. Animais where appropriate anatomie instillation into the trachea was in doubt 

were not used in data analysis. The cervical incision was then closed, 2cc of NS were 

injected subcutaneously in both flanks for long-term hydration and the animal was 

returned to its cage. Animais were subsequently re-anaesthetised at different times 

depending on the phase to which they had been assigned. 

Phase 1 

ln vitro PMN activation and determination of adhesion mole cule expression 

Phase 1 animais were sacrificed 15 minutes after the end of resuscitation 

following blood collection via cardiac puncture. For each blood sample, neutrophil 

surface adhesion molecule expression (CD11 band L-selectin) was determined before 

(pre-activation) and after (post-activation) LPS stimulation in vitro. One hundred 

microliters of whole blood was incubated in the dark with 10111 of FITC-Iabeled anti

CD11 b MAbs for fifteen minutes at room temperature. Another 100 III were added to 10 

III of PE-Iabeled anti-CD62L (L-selectin) and incubated in the dark at 4°C for thirty 
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minutes. Red cells from both samples were then Iysed with 2 ml of monoclonal Iysing 

solution and the samples were incubated in the dark at room temperature for ten 

minutes. After sedimenting the neutrophils (400g at 4°C for 5 minutes), the CD11 b 

samples were washed with phosphate buffered solution containing 0.1 % sodium azide 

and 1 % FSS, while L-selectin samples were washed with ice-cold PSS solution. Cells 

from the CD11 b samples were then suspended in 0.5ml 0.5% paraformaldehyde while 

the L-selectin sample cells were resuspended in 0.5 ml of ice-cold Media Sand both 

were promptly analysed with an argon ion laser flow cytometer (FACScan, Secton 

Dickinson, Mountain View, CA). Data was collected and analyzed with Cell Quest 

computer software (Secton Dickinson). Cells were plotted on forward vs. side scatter 

and were gated to isolate neutrophil populations. Using histogram plots from FL 1 

(CD11 b) and FL2 (L-selectin) detectors (488 and 550 nm excitation wavelengths 

respectively), the mean intensity of fluorescence (mean channel fluorescence, MCF) for 

each receptor (which is directly proportional to the density of surface receptors per cell) 

was recorded for each PMN population. A minimum of 5 000 events were analyzed per 

sample. Results were expressed as mean channel fluorescence. In vitro PMN activation 

was conducted by immediately incubating 300 III of whole blood with 18 1-11 (500l-lg/ml) of 

LPS for 15 min in a 37°C shaking water bath. The above protocol was then applied to 

determine surface CD11 band L-selectin levels in post LPS activation blood. Adhesion 

receptor change was calculated as the ratio of post to pre-activation adhesion molecule 

expression levels for either adhesion molecule. 

Phase Il 

Intravital microscopy 

Two hours after receiving intratracheal LPS, resuscitated phase Il animais 

received intraperitoneal anaesthesia as above and underwent right jugular vein 
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cannulation. The jugular line was used to administer anaesthetic solution and FITC

albumin. The mouse cremaster was prepared for intravital microscopy as described 

previously14. Briefly, after the animal was immobilized by attachment of ail four limbs, the 

cremaster muscle was exteriorized through a small scrotal incision, opened and 

dissected free of the testicle and epididymis. Using five-point fixation with 4-0 silk, the 

cremaster was splayed open and fixed to a plexiglass stage. For the remainder of the 

experiment the exteriorized cremaster was continuously perfused with thermostat

controlled (37 0 C) BBS. The stage was placed on a Nikon TE 300 inverted microscope 

(Nikon Canada: Montréal, QC), and live tissue microcirculation was imaged at 2120X 

magnification. 

An optical Doppler velocimeter (Microcirculation Research Institute: College 

Station, TX) was used to directly measure central red blood cell velocity (VRsd in post

capillary venules (PCVs). Based on Newtonian definitions75
, mean vessel flow velocity 

(VMEAN) was calculated from VRSC using the formula: VMEAN = VRscl1.6. Shear rate (y), in 

sec-\ was caleulated using the formula: y = 8 X (VRBClDv), where Dv is the venular 

diameter measured direetly off line using calipers. Shear stress (4)) in sec-l, was 

calculated using the formula: 4> = y/4. To minimize intersample shear stress variability, 

non-branching PCVs with a diameter of 25-40flm and a VMEAN of 1.25-3.75 mm/sec were 

chosen. Animais that were unable to fulfill these predetermined conditions were not 

used for analysis of leukocyte-endothelial interactions. 

Live microscopie footage of chosen post capillary venules was captured with a 

high definition black and white video camera (CCD High Performance Camera, COHU, 

San Diego, CA), transferred to a monitor (Trinitron Color monitor - SSM-14NE, Sony: 

Toronto, ON), and recorded on videotape with a video recorder (SVHS HrS3910u, JVC 

Company of America: Wayne, NJ). A video Time-Date Generator (model WJ-810, 
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Panasonic: Toronto, ON) projected the time, date, and stopwatch function onto the 

monitor. Body temperature was maintained at 37° C with a radiant heat lamp throughout 

the study period. In each animal, seven-minute video footage of each of three different 

post capillary venules per animal were captured after a stabilization period following the 

completion of cremaster surgery. These recordings were subsequently played back off 

line by another member of the laboratory without prior knowledge of treatment who 

quantified leukocyte-endothelial ce Il interactions. Ali animais were sacrificed by 

xylazine/ketamine overdose followed by cervical dislocation at the completion of 

experiments. 

Quantification of EC-LEU interactions 

To avoid alteration of PMN adhesive properties, neutrophils were not labeled with 

fluorescent markers. Nonetheless, available evidence suggests that the vast majority of 

leukocytes visible in such IVM models are likely PMNs76
. Leukocyte rolling was defined 

as the number of leukocytes crossing a line perpendicular to the long axis of the vessel, 

that were moving at a rate slower than erythrocytes over a period of two minutes. 

Leukocyte rolling velocity was calculated as the mean transit time of ten neutrophils over 

a given 100 ).lm length of post-capillary venule. Leukocyte adherence was defined as the 

number of cells stationary for a minimum of 30 seconds in a 100 ).lm length of venule 

during a five-minute period and pre-adherence was defined as the number of immobile 

neutrophils in the same 100 ).lm vessel section at the initiation of counting. Total 

neutrophil adherence was the sum of neutrophil adherence and pre-adherence for a 

given vessel footage. 
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Fluorescent quantification of vascular permeability 

Following the completion of ail video recordings, phase Il animais 

underwent fluorescent videomicroscopy. Fifty mg/kg of fluorescein isothiocyanate 

(FITC)-Iabeled bovine serum albumin were injected IV through the jugular catheter. Five 

minutes later, epiluminescence microscopy was performed on the same splayed 

cremaster using the Nikon inverted microscope illuminated with a high-pressure mercury 

fluorescence source lamp (HB 10103AF, Nikon Canada: Toronto, Canada). Moving 

images were captured by a frame grabber and transferred to Scion Image processing 

software (Scion Image for Windows, Scion Corporation: Frederick, MD) on a computer 

(Dimension XPS B866r, Dell Canada: Toronto, Canada). The captured frozen digital 

image of fluorescent post-capillary venu les, were evaluated to determine light intensity in 

levels of gray [0 (black) to 256 (white)] in six equal areas within the venule (venular 

intensity, Iv), as weil as six separate equal areas in the perivenular space (perivenular 

intensity, Ip). Using the means of Ip and Iv measurements, vascular leakage (permeability 

index, PI) was calculated with the formula Ip / Iv =PI for each venule. PI was determined 

in this way for three different venules in each animal which were then averaged to yield 

the given animal's mean permeability index. 

Phase III 

Subjective animal activity 

At 24 hours, when phase III animais were to be anesthetized for organ 

harvest, their performance of normal murine activities was graded while still in their 

cages. The following parameters were evaluated and assigned one point if present: 

active feeding, active drinking, spontaneous movement, stimulated movement, active 

grooming, active playing, standing, urinating and the presence of shiny/smooth coats. 

Activity was assigned a score of 0 (none), 1 (minimal), 2 (moderate) and 3 (normal) while 
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stroke symptoms were assigned a score 0 (severe), 1 (moderate), 2 (minimal) and 3 

(none). The points obtained for each parameter were subsequently summed to yield the 

total subjective activity score for each animal. The greater the score the closer the 

animal was to behaving normally 

Lung sequestration of PMN 

Twenty-four hours after resuscitation, phase III animais were sacrificed for lung 

and cremaster harvest. After induction into anaesthesia by intraperitoneal 

ketamine/xylazine, animais underwent sternotomy and their entire tracheobronchial tree 

was excised by sharp dissection. The right lung was dissected free of diaphragmatic 

and pleural tissue and subsequently weighed while the left lung was prepared for 

histology. The excised right lung sam pie was then homogenized (PT10 00 Polytron 

Homogenizer, Kinematica GMBH: Luzern, Switzerland) for 1 minute in 3cc of 10mM 

KH2P04 [pH7.4] buffer and centrifuged at 12 OOOg for 20 minutes at 4° C. The 

supernatant was discarded and the pellet resuspended and homogenized in 50mM 

KH2P04 [pH6.0] buffer containing 0.5% HTAB. The homogenate was kept frozen at -80° 

C and, at a different time, it was thawed, rehomogenized for 1 minute and sonicated 

(Sonic Dismembrator Model 300, Fisher: Farmingdale, New York) at 40 W for 1 minute. 

After centrifugation as described above the supernatant was diluted (X3) and 501J1 were 

added to 3501J1 of 220mM KH2P04 in 11 OmM NS and reacted 45 seconds later with 501J1 

16mM TMB in DMF prior to blanking the spectrophotometer (DU 640, Beckman Coulter: 

Fullerton, California) at 37° C. The colorimetrie reaction was then read at a wavelength 

of 655nm after the addition of 501J1 of 3mM H20 2. The absorbance change over 180 

seconds was used as a measure of MPO activity. Results were expressed as MPO 

activity per gram of lung tissue. 
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Histologie Lung 

0.9~--------~------~~------~ ln jury 

As described 

0.8 above, at 24 hours 

anaesthetized 
0.7 

= •• animais underwent ..... 
~ 
~ 

0.6 -~ sternotomy and the 
~ 
1 

~ "' entire 

~ 0.5 tracheobronchial tree 

0.4 
was excised by sharp 

dissection. The left 

0.3~------~--------~~------~ lung was fixed by 

HTS RL 
CONDITION 

instillation of 3% 

glutaraldehyde into 
FIGURE 1: Following LPS activation in vitro, neutrophil surface L-selectin was 
shed more readily in PMNs trom animais resuscitated trom hemorrhagic shock 
with RL than with HTS. (p>O.05) 

the left mainstem 

bronchus using a 22-

gauge angiocatheter and was fixed overnight. The following day, the lung was sliced, 

sections were processed using routine histological techniques and embedded in paraffin. 

From these, 5 Ilm-thick sections were cut and stained with hematoxylin and eosin. The 

slides were subsequently graded by one of the authors (R.P.M.) without prior knowledge 

of treatment groups using a modified histological in jury score77
. The following 

histologieal parameters were graded: marginated intravascular neutrophils, interstitial 

transmigrated neutrophils, alveolar transmigrated neutrophils, and interstitial edema, 

septal hyperplasia, alveolar edema/hemorrhage. For a given sam pie, each parameter 

reeeived a score of zero (none), one (seant), two (moderate) or three (extensive) points. 
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Total histologie lung in jury scores were calculated as the sum of individual parameter 

scores for each animal. 

Histological Cremaster 
1.6 

ln jury Analysis 

1.5 Prior to sternotomy, 

1.4 * anaesthetized phase III 

animais had their 
.c 

1.3 ...-1 
...-1 cremaster dissected as for 
Q 
U 1.2 
~ 

intravital microscopy, but 

then transected and placed 

1.1 in 3% glutaraldehyde for 

1.0 overnight fixation. As with 

lung tissue, cremaster 

0.9 
HTS RL samples were embedded, 

CONDITION sliced and stained with H & 

E. The slides were 

FIGURE 2: Following LPS activation in vitro, upregulation of neutrophil 
CD11 b was attenuated if HTS instead of RL had been used for resuscitation 
of hemorrhagic shock. (Corrected for outliers (indicated), *p=O.01 vs HTS) 

subsequently graded by 

one of the authors (R.P.M.) 

using a histological in jury score without prior knowledge of treatment groups. The 

following histological parameters were graded in cremaster sections: marginated 

intravascular neutrophils, interstitial marginated neutrophils, interstitial edema, and 

interstitial hemorrhage. For a given sample, each parameter received a score of zero 

(none), one (seant), two (moderate) or three (extensive) points. Total cremaster 

histology in jury scores were calculated as the sum of individual parameter scores for 

each animal. 
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Systemic Complete Blood Count and Serum Chemistry: 

Immediately prior to cremaster dissection, anesthetized phase III 

animais underwent cardiac puncture and 1000 !JI of central venous blood was removed 

for determination of complete blood count (CBC), serum sodium [Na] and chloride [CI]. 

The McGili University Health Center hematology laboratory determined the CBC using 

an Advia Hematology System (model 120, Bayer Systems: Hialeah, FL) while the 

chemistry laboratory evaluated serum electrolytes using a Synchron Clinical System 

(model LX20PRO, Beckman Coulter: Fullerton, CA). 

Table 1. VENULAR RHEOLOGIC MECHANICS 

Diameter (IJm) 
VMEAN (mm/s) 
Shear Stress (sec-1

) 

HTSb 
30.5 ± 0.9 

1.59 ± 0.13* 
0.11 ± 0.01 

HTSn 
30.5 ± 1.2 

2.10 ± 0.16 
0.14 ± 0.02 

RLb 
30.5 ± 0.6 
1.80 ± 0.19 
0.12 ± 0.01 

RLn 
33.4 ± 1.3 
1.56 ± 0.10 
0.10 ± 0.01 

Rheological parameters in venules from ail phase Il animais did not differ between groups except for mean flow velocity (VMEAN) in HTSb 
animais which was significantly lower than that in HTSn animais. Other values for VMEAN. as weil as ail values for venular diameter, shear 
rate and shear stress and did not differ between groups. ·p<0.05 vs HTSn VMEAN• 

Statistical Analysis: 

Ali data are presented as mean ± standard error of the mean (SEM). Differences 

between groups were compared using analysis of variance (ANOVA) with Bonferroni 

correction using Systat 10 data analysis software (SPSS, Chicago, Illinois). Groups that 

did not have a normal distribution or had a small sample size were evaluated with the 

Kruskal-Wallis One-Way Analysis of Variance (Mann-Whitney U test statistic). 

Differences between groups were deemed significant at a probability s 0.05. 

170 



Results 

Phase 1 

Neutrophils from HTS-resuscitated animais display less CD11 b upregulation by 

LPS activation in vitro. 

There were no differences in withdrawn blood volumes and blood pressure 

between phase 1 groups, but total fluid administered (blood + crystalloid) was significantly 

greater in RL compared to HTS-resuscitated animais (data not shown). In vitro LPS 

activation of PMNs from animais previously resuscitated with RL caused shedding of L-

selectin to a greater degree than in PMN from HTS resuscitated animais, but this 

difference was not significant (Figure 1). Opposite results occurred with surface PMN 

CD11 b expression, as data analysis corrected for outliers showed a significant blunting 

of CD11b 

120 upregulation 

in PMN fram 
• HTSb 

o HTSn HTS animais 
80 .RLb 

en 
:::I: 

• RLn 
compared to 

E those from 
E 

40 RL animais 

following 

LPS 
o 

bp before bp during bp after 
stimulation 

(109.4 ± 
FIGURE 3: Blood pressure in phases Il and III did not differ between groups before, 
during hypotension and after resuscitation (p>O.05 for ail comparisons between 
groups) 

2.2% vs 

123.2 ± 

3.3%, respectively, p=0.01) (Figure 2). Thus, hypertonie saline resuscitation attenuated 

the upregulation of CD11 b by activated neutraphils while tending to prevent L-selectin 
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shedding. Consequently, monoclonal blockade against PMN adhesion (anti-CD11 band 

anti-ICAM-1) was used in phase Il and III experiments. 

Phase Il and III 
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FIGURE 4: Leukocyte rolling flux was fivefold greater in animais without adhesion 
blockade compared to either resuscitation group having received adhesion 
blockade.(*p<O.05 vs HTSn, tp<O.05 vs RLn, <t>p=O.05 vs RLn). 

(mean 30.0 ± 0.42 
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FIGURE 5: Totalleukocyte adhesion was reduced with HTS resuscitation and by 
adhesion blockade. Total adhesion in HTSn and HTSb did not differ. (tp<O.05 vs 
RLn, <t>p=O.05 vs RLn, §p=O.078 vs HTSb) 

RL-resuscitated animais compared to ail HTS-resuscitated animais (89.6 ± 1.9 vs 34.2 ± 
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FIGURE 6: Representative images of cremaster PCVs taken from IVM footage 3 hours after 
resuscitation from each phase Il group (clockwise from upper left: RLn, RLb, HTSb, HTSn). 
Note the paucity of adherent leukocytes in the HTSn and both blockade groups as compared 
to the RLn group. 

1.9 vs 34.2 ± 0.6 cc/kg, respectively, p<0.001). Systolic blood pressure before (mean 

102.6 ± 2.1 mmHg), during hypotension (mean 41.9 ± 0.6 mmHg) and after resuscitation 

(mean 107.2 ± 1.7 mmHg) was not different between any of the groups in phases Il and 

III (Figure 3). During intravital microscopy analysis, venular diameter, mean red œil 

velocity VMEAN and shear stress did not differ significantly between ail phase Il groups 

except for VMEAN , which only differed between HTSb and HTSn groups (Table 1). 
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FIGURE 7: Cremaster venular permeability 3.5 hours after resuscitation was 
reduced if HTS was used for resuscitation. Monoclonal blockade tended to 
reduce RL associated microvascular leakage but not significantly. (tp<O.05 vs 
RLn, <t>p=O.07 vs RLn ) 

highest 

receiving 

in groups 

inactive 

isotype monoclonal 

antibodies (HTSn: 93.3 ± 29.0 vs RLn: 102.5 ± 40.4 LEU /2min/100IJm, p>0.05) and 

lowest in animais having received adhesion molecule blockade (HTSb: 12.7 ± 3.3 vs 

RLb: 18.2 ± 6.3 LEU/2min/100IJm, p>0.05) (Figure 4). Both blockade groups displayed 

significantly lower leukocyte rolling flux than groups having received isotype controls 

regardless of resuscitation fluid administered. Total leukocyte adhesion to EC was 

greatest in RLn animais (23.8 ± 7.3 LEU/100IJm), significantly greater than either HTS-

resuscitated groups (HTSb: 3.3 ± 1.0 and HTSn: 6.2 ± 1.7 LEU/100I-lm, p<0.05 either 

group vs RLn) but also greater than that of RL animais having received adhesion 

blockade (RLb:10.0 ± 4.5 LEU/100lJm, p=0.05 vs RLn) (Figure 5). Leukocyte adhesion 

differences between either blockade group and HTSn animais were not significant. 

There were no statistically significant differences in leukocyte rolling velocity between 

groups (data not shown). Figure 6 contrasts levels of adherent leukocytes in 

representative cremaster PCVs from each group of phase Il animais taken from live 

footage 2 hours following LPS administration. Thus, even though monoclonal blockade 
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was against adhesion molecules known to be responsible for neutrophil adherence (not 

FIGURE 8: Representative images of cremaster PCVs taken 3.5 hours after resuscitation and 
5 minutes after administration of FITC-albumin intravenously. Note the significant leakage of 
fluorescent macromolecules in the immediate perivenular area of the RLn animal. 

rolling), it resulted in a significant blunting of leukocyte rolling regardless of f1uid used. 

Total leukocyte adhesion was significantly reducecl by HTS resuscitation or by 

antiadhesion blockade added to Ringers' lactate. 

HTS attenuates in vivo macromolecular leakage better than adhesion molecule 

blockade 

Venular permeability (PI) was highest in RLn animais (0.50 ± 0.05) and superior 

to that found in either HTS groups (HTSb: 0.35 ± 0.03 and HTSn: 0.29 ± 0.04, p<0.05 

either vs RLn) (Figures 7 and 8). RLb animais also tended to have lower PI levels (0.35 
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± 0.04) but this was not significant. Hence, hypertonie resuscitation reduced 

microvascular permeability while adhesion blockade failed to reduce levels significantly. 
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FIGURE 9: Subjective murine activity was evaluated in phase III animais 24 hours 
fun after resuscitation and was found greatest in HTS-resuscitated animais regardless 

of blockade status. Anti-adhesion blockade in RL-resuscitated animais tended to 
cti improve performance slightly (tp<O.05 vs RLn). 

anal activity with HTS-resuscitatian 

Prior to sacrifice, phase III animais were evaluated for performance of 

normal murine activity in their cages. Twenty-four hours after resuscitation both HTS 

groups (HTSb: 11.0 ± 1.1 vs HTSn: 12.4 ± 0.9, p>0.05) had higher scores than either RL 

groups in particular the RLn animais (4.3 ± 2.1, p<0.05 vs either HTSb or HTSn) (Figure 

9).' While blockade in RL animais tended to slightly improve performance this was not 

significant (RLb: 8.5 ± 2.1, p>0.05 vs RLn). Thus, 24 hours after resuscitation return to 

normal activities was better achieved by resuscitation with HTS th an with anti-adhesion 

blockade. 
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FIGURE10: Lung neutrophil sequestration as evaluated by myeloperoxidase assay. HTS 
resuscitation or anti-adhesion blockade reduced lung PMN accumulation. Ali but HTSn 
animais showed greater sequestration than Controls. (tp<O.05 vs RLn, #p<O.05 vs 
control, ct>p=O.05 vs RLn or control) 

Lung neutrophil sequestration is similarly attenuated by either adhesion blockade 

orHTS 

At 24 hours, lung MPO levels in both HTS groups and the RLb group were similar 

(HTSb: 1.11 ± 0.09, HTSn: 0.94 ± 0.1, RLb: 1.14 ± 0.2 ilOD/g, P>0.05 for ail 

comparisons) (Figure 10). 80th HTS groups had lung MPO levels significantly lower 

than that of RLn animais (2.13 ± 0.5 ilOD/g, p<0.05 vs. either HTSb or HTSn). RLb 

animais also had lower lung MPO levels than RLn counterparts (p=0.05). Ali groups 

except for HTSn animais had significantly higher levels of lung MPO than control animais 

(0.43 ± 0.2 ilOD/g, p<0.05 vs. either HTSb or RLn; p=0.05 vs. RLb). Thus, while HTS 

clearly reduced lung PMN accumulation at 24 hours, anti-adhesion blockade significantly 

attenuated sequestration in RL resuscitated animais but added nothing to HTS animais. 
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Histologie lung in jury scores are only redueed by HTS resuseitation, not an ti-

adhesion bloekade 

Twenty-four hours after resuscitation, lung histologie scores were much 

higher in ail RL animais combined (3.8 ± 0.73) than combined HTS animais (ail HTS: 1.3 

± 0.31, p=0.001 vs ail RL) or controls (Control: 0.9 ± 0.43, p=0.008 vs ail RL) (combined 

data not shown). Anti-adhesion blockade did not attenuate in jury regardless which 

resuscitation fluid was used (RLb: 4.17 ± 0.99 vs RLn: 3.25 ± 1.16, p>0.05; HTSb: 1.58 ± 

worsen lung 

in jury for any 

given fluid 

group but not 

significantly. 

* 

*<1> 

1 TI 
*<1> 

ITI ITI 
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FIGURE 11: Lung in jury score as evaluated on H&E stained lung sections from 
animais 24 hours after resuscitation. The following parameters were scored by a 
blinded observer: marginated intravascular neutrophils, interstitial transmigrated 
neutrophils, alveolar transmigrated neutrophils, interstitial edema, septal 
hyperplasia and alveolar edema/hemorrhage. While blockade caused no 
decrease in histologie lung in jury score, HTS resuscitation reduced scores 
significantly, down to controllevels. (*p<O.05 vs RLb, <l>p=O.06 vs RLn). 

80th RL groups demonstrated higher scores than controls (0.88 ± 0.43, p=0.01 vs RLb 

and p=0.06 vs RLn) while both HTS groups showed scores that did not differ with 

controls. 80th HTS groups had significantly lower lung in jury scores than RLb animais 

(p=0.01 either vs RLb) while only HTSn animais showed lower scores than RLn 

counterparts (p=0.06). The animais resuscitated with RL displayed interstitial edema, 

hemorrhage and debris with numerous transmigrated neutrophils in the alveoli and 
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interstitium regardless whether blockade was used or not (Figure 12). Hypertonie 

resuscitation reversed these changes revealing lungs resembling those of controls. 

Thus, attenuation of lung tissue in jury 24 hours after resuscitation was not present with 

adhesion blockade, it occured solely if animais had been resuscitated with HTS. 

Cremaster tissue in jury tends to improve with HTS 

There were no significant differences between cremaster in jury scores between groups, 

though combined HTS animais tended to have lower cremaster in jury scores than 

combined RL animais (Ali HTS: 0.54 ± 0.29 vs ail RL: 0.79 ± 0.32, p>0.05) (data not 

shown). 

Circulating leukocyte levels were attenuated by adhesion blockade. 

There were no significant differences in any of the phase III animal 

groups with respect to serum chloride (mean 106.3 ± 1.6 mmol/L), sodium (mean 142.7 ± 

1.1 mmol/L) or hemoglobin (mean 89.7 ± 4.2 g/L) levels. Circulating leukocyte levels 

were significantly lowger in animais with adhesion molecule blockade regardless of fluid 

used (Figure 13). HTSn animais had the highest level of circulating leukocytes (HTSn: 

2.25 ± 0.40 X 109/L vs. HTSb: 1.21 ± 0.13 X 109/L, p<0.05, RLb: 1.26 ± 0.23X 109/L 

p=0.06 vs HTSn). 
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FIGURE 12: [A] Medium 
power photomicrographs of 
murine lungs 24 hours after 
resuscitation. [A] Detail fram 
RLn animal showing interstitial 
space containing several 
neutrophils and edema 
(arrow) adjacent to a small 
bronchiole (BR). 
[B] Detail fram an RLb mouse 
displaying edema and 
numeraus neutrophils in the 
interstitial space araund the 
medium-sized vein (PV). 
Several alveoli contain 
transmigrated neutrophils 
(arrowheads). [C] Detail of a 
lung tissue fram an HTSn 
mou se showing an airway 
(AW) flanked by pulmonary 
arterial (PA) branch. There is 
no edema or neutrophilic 
infiltrate in the interstitial or 
alveolar spaces. Hematoxylin 
& eosin stains. Bars indicate 
100 IJm. 
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FIGURE 13: Circulating serum leukocyte levels were greatly reduced in both 
blockade groups irrespective of which resuscitation fluid was used. (*p<O.05 vs 
HTSn, 'l'p=O.06 vs HTSn). 

Discussion 

Resuscitation with hypertonie saline has been shown to have extensive immune 

benefits, most importantly in reducing the neutrophil mediated tissue in jury that ensues 

after hemorrhagic shock. The present study demonstrates that beneficial effects of HTS 

resuscitation may be independent of its ability to functionally blunt neutrophil adhesion to 

endothelium. Monoclonal blockade against CD11 band its endothelial ligand (ICAM-1) 

with standard resuscitation resulted in attenuations of leukocyte adhesion to endothelium 

and lung neutrophil sequestration that were similar to that found with hypertonie saline. 

Nevertheless, while HTS alone reduced vascular permeability and virtually eliminated 

lung histologie tissue in jury, standard RL resuscitation, even supplemented with anti-

adhesion blockade clearly worsened lung in jury. 

Neutrophils taken from animais resuscitated with HTS that were subsequently 

activated in vitro demonstrated a reduced level of CD11 b expression while tending to 

express greater surface L-selectin than those from RL-resuscitated counterparts. This 

mild blunting of L-selectin shedding is consistent with other in vitr037 and in vivo animal39 
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and human 40,41 studies. On the other hand, other investigators report augmented L

selectin shedding with HTS resuscitation in rodent hemorrhagic shock models 17.38. 

Neutrophil activation is known to potentiate shedding78-81 and shedding is likely a 

requirement for neutrophil rolling82-84. Intravital microscopy has shown that hypertonie 

resuscitation reduces PMN rolling flux in thermal injury54, ischemia/reperfusion51and 

hemorrhagic shock models55.56. Consequently, since HTS reduces PMN rolling, and 

rolling requires surface L-selectin shedding, one could accept that HTS would cause less 

L-selectin shedding as this and other studies indicate. Nonetheless, HTS effects on L

selectin remain ambiguous and were not further elucidated in the present study. 

As our findings demonstrate, hypertonie saline blunted upregulation of neutrophil 

surface CD11 b; a phenomenon described in both animais and humans 17,40,41,45,48. While 

the current study did not evaluate HTS effects on endothelial adhesion molecules, a 

relatively small number of other studies have. Whereas HTS appears to have a minor 

effect on EC receptors responsible for neutrophil rolling (E and P_selectin)38,42.44 it shows 

important effects on endothelial receptors responsible for neutrophil adhesion. Rodent 

hepatic ischemia/reperfusion49 and hemorrhage/resuscitation models 17.50 reveal HTS

mediated attenuation in endothelial ICAM-1 and vascular cell adhesion molecule -1 

(VCAM-1), both promoters of neutrophil adhesion. Hence, the available literature and 

the current phase 1 results indicate a predominant and unambiguous effect of HTS on 

adhesion molecules responsible for neutrophil adhesion to endothelium. We thus used 

monoclonal antibody blockade against CD11 band its endothelial counterreceptor ICAM-

1 in phase Il and III experiments. 

Evaluation of hemodynamic parameters in phase Il and III revealed blood 

pressures that did not differ between groups prior, during and after hypotensive shock. 

These findngs crudely reflect the appropriateness of resuscitation regimens employed, 

which have been previously validated by other studies39.69.73. The volume of withdrawn 
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blood in ail groups produced a class III hemorrhagic shock yet total fluid volume 

administered to RL animais was more than double that given to HTS counterparts. This 

is consistent with clinical administration of much larger doses of isotonic crystalloid in 

addition to blood (for class III and IV hemorrhagic shock) compared to the small (4cc/kg) 

doses of HTS resuscitation commonly administered. Phase Il rheological factors 

demonstrated that venular shear stress, the most important microvascular flow 

parameter, did not differ between groups. This finding is essential if comparisons of 

leukocyte-endothelial interactions between groups are to follow. While HTSb animais 

had a slower mean flow velocity than the HTSn group, this difference was not sufficient 

to cause a significant effect on shear stresses found in these twO groups. Nonetheless 

this may have contributed to the trend of fewer EC-LEU interactions in HTSn as 

compared to HTSb animais. 

Three hours after resuscitation, leukocyte rolling flux was reduced by 

more than 80% in animais having received monoclonal blockade. This finding was 

surprising as we did not block receptors generally considered relevant to neutrophil 

rolling35.85-87. Nonetheless, other investigators have reported noteworthy effects of 

CD11 b88-90 and ICAM_1 91 .92 expression on neutrophil rolling. We did not find differences 

in leukocyte rolling between HTSn and RLn groups. Despite confirming a previous study 

using the same model13, these results do not reflect those of other IVM studies using 

animal IVM in burn54, ischemia/reperfusion51 and single-hit hemorrhage and 

resuscitation55.56 . Unlike these latter studies, the present animal model involved two 

distinct host insults (resuscitated hemorrhage followed by mimicked infection) which may 

have overwhelmed rolling differences at the time of IVM evaluation. Furthermore, the 

current study may not have had a sufficiently large sample number to appreciate 

leukocyte rolling differences between resuscitation regimens. 
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As expected, HTS reduced total leukocyte adhesion to Yl that observed with RL. 

This was true with and without adhesion blockade. While previous IVM models have 

demonstrated live reductions in leukocyte adherence by HTS resuscitation, the present 

findings introduce evidence that this effect is similarly recreated in RL resuscitation 

supplemented by combined monoclonal blockade against CD11 band ICAM-1. Vet, it is 

clear that neutrophil adhesion to endothelium is not only governed by these two 

adhesion molecules. Other adhesion molecules (CD11a, VCAM-1, PECAM-1 and 

others) have been shown to participate in PMN adhesion to endothelium, but little is 

known about the effect of HTS on them44,50,84,93,94. 

Three and a half hours following resuscitation, HTS animais 

demonstrated 60% the microvascular leakage seen with RL counterparts receiving 

isotype antibodies. With adhesion molecule blockade, RL animais also tended to have a 

reduced venular permeability, but this was not significant. Adhesion blockade in animais 

resuscitated with hypertonic saline did not cause further reductions in permeability. HTS 

mediated reductions in permeability were found in parallel to decreases in leukocyte 

adhesion in the same tissue 30 minutes earlier. Others studies using intravital 

microscopy have previously reported reduced in vivo venular permeability with HTS 

administration in ischemia/reperfusion5\ sepsis7\ burns70 and hemorrhagic shock55. 

Additionally, several studies report HTS mediated reductions in tissue edema and 

macromolecular leakage using ex vivo histology, bronchoalveolar lavage fluid (BALF) 

protein content, wet to dry ratios and other techniques 17,64,67,95-98. Other studies 

evaluating different in jury models have reported diminutions of vascular permeability or 

tissue edema with blockade against ICAM_199-102, CD11 b99,103,104 and other adhesion 

molecules 105-107 but none have evaluated blockade of the present combination of 

receptors in hemorrhagic shock. The current findings suggest an important relation, 
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albeit not necessarily causative, between neutrophil mediated in jury and 1055 of vascular 

integrity, both attenuated by HTS. 

Lung PMN sequestration 24 hours after resuscitation followed the same 

pattern seen with leukocyte adhesion to endothelium. Myeloperoxidase enzyme levels, 

a marker of neutrophil accumulation in tissue, was reduced by more than 55% if HTS 

was used instead of RL in non-blocked animais. Adhesion blockade supplementation in 

RL animais also reduced sequestration by half. As with neutrophil adhesion, anti

adhesion blockade did not further reduce the lung neutrophil sequestration seen in HTS 

resuscitated animais. Multiple other studies have demonstrated HTS-related reductions 

in tissue MPO levels in acute pancreatitis67
, organ ischemia/reperfusion68 and 

hemorrhagic shock 13,17.47,64. As weil, monoclonal antibodies against either CD11 b34,108-112 

or ICAM_1 32,34,101,111-114 have shown diminished tissue MPO following different forms of 

organ in jury. To our knowledge, no other study has previously reported using complete 

blockade against the adhesion step of EC/LEU interactions (dual blockade of both 

CD11 band ICAM-1) in hemorrhagic shock. The present results confirm that HTS 

resuscitation reduces 24 hour lung neutrophil sequestration to a similar degree as 

standard RL resuscitation supplemented with anti-adhesion blockade. 

Twenty-four hours after HTS resuscitation, serum sodium concentrations 

resembled those found in RL animais. Thus, differences in leukocyte sequestration and 

tissue in jury were still present despite normalization of sodium plasma concentrations in 

HTS animais. The lower circulating leukocyte counts found with monoclonal blockade 

irrespective of type of fluid administered may appear paradoxical. If blockade reduces 

leukocyte recruitment, one would expect a greater circulating leukocyte pool in these 

animais. Yet, while reduced circulating leukocyte levels were seen in HTSb animais, this 

group did not demonstrate greater leukocyte recruitment than HTSn counterparts. Thus, 

in the current model, fewer circulating leukocytes may not reflect differences in leukocyte 
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recruitment. We cannot offer a plausible expia nation for these findings except that the 

automated counter system may have failed to discriminate cellular identity when 

evaluating leukocyte samples bound to different antibodies. To our knowledge, no other 

study has evaluated effects on circulating leukocytes after double anti-adhesion 

blockade. 

Animal activity one day after resuscitation was more than twice as good with HTS 

than with standard RL resuscitation. Anti-adhesion blockade added to RL tended to 

improve activity but not as greatly nor to a significant degree. This followed histologie 

lung tissue in jury, which was also better prevented by HTS than by anti-adhesion 

blockade. Lung in jury found in the combined group of ail HTS animais was uniformly 

better, with in jury scores less than 35% those found in combined RL-resuscitated 

counterparts. Contrarily to earlier leukocyte adherence to endothelium and subsequent 

lung neutrophil sequestration, monoclonal blockade in either HTS or RL resuscitated 

animais did not result in reductions of histologie in jury scores, tending, instead, to worsen 

them. This was surprising, as we expected that the reduced neutrophil recruitment 

following adhesion blockade would necessarily result in attenuations of tissue in jury. 

Both HTS resuscitated groups had histological in jury scores that were similar to controls. 

Direct evaluation of tissue in jury by histopathologic evaluation has shown the benefits of 

HTS resuscitation in trauma64
, pancreatitis67 and ischemia/reperfusion68 models. One 

hit hemorrhagic shock models have also demonstrated diminished lung parenchymal 

in jury following HTS resuscitation in rodents39
,42.47,50,65. As in the current study, two hit 

models involving hemorrhagic shock followed by mimicked infection (intratracheal LPS, 

cecal ligation and puncture) also concur, demonstrating HTS-related reductions in lung 

and liver histological in jury up to 48 hours after resuscitation 13,17,69. On the other hand, 

previous studies using adhesion molecule blockade have shown variable effects on 

tissue lung in jury. For example, while in some local lung inflammation models reductions 
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of neutrophil recruitment and tissue water were noted with monoclonal antibody blockade 

against the CD18/CD11 complex103,115 no clear effect on tissue in jury was confirmed by 

histology or other means. In other studies, comparable monoclonal blockade failed to 

reduce both neutrophil recruitment and tissue in jury in lung116.117 and liver118. Moreover, 

others found that the outcome of blockade was dependent on the type of insult, as anti

CD18/CD11 b would reduce lung leukocyte recruitment with certain in jury models, but not 

others 104.119-122. Anti-ICAM-1 therapy in different local lung and liver insult models has 

also shown diminished tissue neutrophil recruitment and tissue water content, but again, 

few studies have evaluated actual tissue injury114,115,123. In fact, a study evaluating anti

ICAM-1 treatment in a rat model subjected to local cerebral trauma found a tendency to 

worsened histological tissue in jury as compared to controls treated with isotype 

antibodies124
. With systemic insults, the beneficial effect of anti-adhesion blockade also 

remains unclear. Models simulating systemic sepsis have demonstrated that anti-CD18 

or anti-ICAM-1 reduced PMN sequestration, having variable effects on tissue water 

changes and organ function 100,125-127. Yet, again, none of these studies evaluated tissue 

in jury directly. In a murine model using ceacal ligation and puncture (CLP), CD18 

monoclonal antibody prevented peritoneal neutrophil recruitment while increasing lung 

and liver neutrophil sequestration and worsening liver function 128. In hemorrhagic shock 

resuscitation models, while one study reports attenuated histological in jury with anti

CD18 blockade129, others do not evaluate in jury by histologic means28,130. However, in a 

two-hit hemorrhagic shock and infection model, investigators found no difference in 

histological lung in jury scores with a tendency to worse scores with monoclonal 

antibodies against CD18131 . Furthermore, in the same study, a dramatic increase in 

neutrophil oxidative burst and TNF release was seen by circulating neutrophils from 

animais treated with anti-CD18 monoclonal antibodies. Few studies have evaluated 

tissue in jury in the context of simultaneous blockade against CD18 and ICAM-1. In a 
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model of muscular ischemia/reperfusion one such study evaluating this combined 

blockade demonstrated reduced tissue MPO but failed to show improved tissue 

viability34. 

Thus, we have demonstrated how, similarly to HTS resuscitation, anti-adhesion 

blockade with standard resuscitation decreases leukocyte interactions with endothelium 

(Ieukocyte rolling, adhesion) and diminishes lung PMN sequestration (MPO). 

Nonetheless, unlike HTS resuscitation, this treatment did not translate into diminished 

lung parenchymal in jury 24 hours after resuscitation. This remarkable finding could be 

explained by a variety of mechanisms. First, the antibody clones may have been 

inadequate, conferring less than complete functional block of adhesion molecules or 

simply administered in insufficient quantities. Yet, both clones used have been 

employed widely in the literature. Both the M1/70 anti_CD11b29.132-135 and the YN1/1.7 

anti_ICAM_11oo.136-138 clones have been used extensively to block murine adhesion 

molecules in vivo. These and other studies also demonstrate that the intravenous 

dosages of monoclonal antibodies that were given (2.83 and 2.16 mg/kg IV, respectively) 

represent in vivo saturating concentrations in mice. Furthermore, our phase Il 

experiments demonstrate in vivo that leukocyte adhesion was significantly attenuated by 

the chosen blockade regimen in RL-resuscitated animais. A second explanation for 

unabated tissue in jury by monoclonal blockade is the fact that adhesion blockade may 

not affect other injurious functions of neutrophils. Clearly the tissue in jury mediated by 

neutrophil and endothelial activation not only requires neutrophil adhesion to 

endothelium, but also inappropriate cellular degranulation and release of ROS, matrix 

metalloproteinases (MMPs) and proteases that directly injure the vessel wall and 

adjacent tissue parenchyma. As described previously, hypertonie saline administration, 

blunts the capacity of neutrophils to release ROS and elastases39.139-144. Neither the 
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oxidative burst nor the extent of proteinase release was evaluated in the present study. 

The phagocytic capacity of neutrophils may also be diminished with hypertonie fluid 

administration 145,146 independent of its effects on adhesion molecules. Furthermore, the 

effect of HTS on inflammatory mediators and cytokines is known not ta be negligible but 

has not been addressed by the current study. Finally, our histological results could 

further be explained by the fact that lung tissue in jury resulting from hemorrhagic shock 

resuscitated with lactated Ringer's is partly CD 18/ICAM-1-independent. CD 18-

dependent PMN transmigration is believed to occur with inflammation in systemic post

capillary venules 147 while in lung, PMN extravasation may occur through CD18-

independent mechanisms 120,148. While hemorrhagic shock resuscitation itself has not 

been evaluated, it appears that the nature and duration of the stimulus is an important 

determinant of which type of PMN transmigration occurs after the given insult149-152. The 

present data and that of other studies suggest that the PMN-mediated lung in jury 

following RL-resuscitation in a two-hit model may involve CD18-independent 

mechanisms. HTS resuscitation alone, on the other hand, not only blocked neutrophil 

adhesion to endothelium (CD18 dependent mechanism), but also reduced lung in jury 

(CD18 independent mechanisms?) as compared to RL supplemented with anti-adhesion 

blockade. 

ln summary, although the present study has confirmed reductions in PMN CD11 b 

expression with HTS-resuscitation, it has shown novel evidence of a more profound 

effect by HTS, independent of adhesion receptor blockade to maintain microvascular 

integrity and more particularly to reduce histologie in jury in hemorrhagic shock followed 

by mimicked infection. Further comparisons between PMN blockade and hypertonie 

resuscitation using monoclonal antibodies or animal genetic knockout models will be 

needed to qualify the predominant mechanisms behind beneficial tissue effects of 

hypertonie saline resuscitation in hemorrhagic shock. 
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Conclusion 

The polymorphonuclear neutrophil is a principal effector of the non specifie 

immune response and is essential for host defence. However, much evidence indicates 

that the neutrophil is also intimately involved in orchestrating the systemic inflammation 

that can follow resuscitation of severe hemorrhagic shock. Such inflammation may lead 

to global tissue destruction and organ dysfunction that may ultimately cause the demise 

of the host. More particularly, exaggerated neutrophil interactions with activated 

endothelium appear to be an initial step in the convergence of over-exuberant immune 

elements leading to systemic inflammation and organ in jury. 

Isotonie crystalloid solutions most often administered in the form of lactated 

Ringers' have long been the standard therapy for resuscitating hemorrhagic shock, to 

restore intravascular volume deficits. While historically, such resuscitation dramatically 

increased the survival of hemorrhagic shock victims, it is now known that it can result in 

further activation of the neutrophil and endothelial ce Il , enhancing their interactions and 

fostering systemic inflammation. Indeed, one of the major causes of late mortality in 

resuscitated hemorrhagic shock victims is systemic inflammation leading to multiorgan 

dysfunction. Hemorrhagic shock resuscitation with hypertonie solutions is not only safe 

and efficacious for the restoration of macrohemodynamic parameters, but also appears 

to confer certain immune benefits which may minimize host progression through 

systemic inflammation and organ dysfunction. 

ln particular, HTS reduces neutrophil interactions with endothelium for hours to 

days following resuscitation while maintaining vascular integrity and blunting capillary 

leakiness. Furthermore, it reduces pulmonary accumulation of activated neutrophils 

attenuating the resultant histologie in jury. These effects of HTS may also translate in 

improved long term survival. Interestingly, the downregulatory influence of HTS on 

neutrophil and endothelial adhesion molecules is not the predominant mechanism by 
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which hypertonicity confers reduced pulmonary histopathology and greater host survival. 

Other elements such as the capacity of HTS to reduce PMN release of cytotoxic 

substances may be more critical mechanisms behind the clinical immune benefits of 

hypertonie resuscitation. Much works remains in the search to characterize the precise 

nature of effects of hypertonicity in the resuscitation of hemorrhagic shock. Perhaps this 

work and that of others will help elucidate the future role that HTS will have in reducing 

trauma-related mortality in intensive care units. 
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Original Scholarship 

We believe the presented work displays original scholarship contributing to the 

advancement of knowledge. 

The novel murine hemorrhagic model which was employed allowed for live 

observation of the microcirculation never evaluated before in so called 'two hit 

conditions'. This intravital microscopy model confirmed that hemorrhagic shock 

resuscitation with hypertonie saline reduces systemic in vivo interactions between 

neutrophils and endothelium. This concept, though never demonstrated before, had 

been presupposed from the known HTS-mediated downregulation of PMN and EC 

adhesion molecules in such conditions. Furthermore, attenuations of live EC/PMN 

interactions by hypertonie resuscitation were found to be associated with a simultaneous 

reduction in microcirculatory leakiness of the same vessels evaluated at the sa me time 

interval following hypertonie resuscitation; another process often implied but never 

concomitantly demonstrated in vivo before. 

The persistence of HTS effects on EC/PMN interactions weil beyond the early 

post resuscitative phase is also a novel finding never demonstrated before in vivo. While 

in vitro receptor evaluations and ex vivo tissue histology assessment had previously 

shown contradictory results unable to establish the precise duration of immune HTS 

effects, the current findings confirm, both in vivo and ex vivo, that these effects are still 

ongoing a day after resuscitation. 

While some previous reports had shown reductions in parenchymal sequestration 

of neutrophils by HTS resuscitation, this work is the first to concurrently confirm post 

mortem reduced accumulation of neutrophils in the lungs of the same animais having 

previously demonstrated attenuation of EC/PMN interactions in vivo. Additional post

mortem histologie assessment of the lungs of the same HTS resuscitated animais also 

confirmed attenuated microvascular neutrophil-endothelial interactions. 
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The last set of experiments shed new light on predominant meehanisms of 

redueed tissue in jury found in the lungs of HTS resuscitated animais. While mueh of the 

literature suggests that funetional anti-adhesive effeets of hypertonie saline resuscitation 

are at the basis of improved tissue histopathology, the eurrent findings place this 

widespread belief in doubt. An innovative eomparison between standard RL 

resuscitation supplemented with an artifieial bloekade of neutrophil adhesion failed to 

reereate attenuations in histologie in jury found with HTS resuscitation alone. This 

oeeurred despite validation that the model was adequately working as both groups 

displayed similar reduetions in live EC/PMN interactions and tissue neutrophil 

sequestration. Thus, more experiments need to be eondueted to establish the principal 

meehanism responsible for benefieial effeets of hypertonie saline on tissue 

histopathology and pulmonary in jury. 

As ail researeh eondueted on animais, this work eannot prove or disprove the 

clinieal usefulness of HTS resuseitation in human patients. Nonetheless, we believe that 

this work provides valuable advaneement knowledge of the mierocireulatory effeets of 

hypertonie resuseitation, both in vivo and ex vivo, providing a novel insight into the 

meehanism by whieh they occur. This researeh provides a base on whieh additional 

experiments ean be designed to better delineate immunemediated effeets of hypertonie 

saline resuscitation of hemorrhagie shoek in trauma patients. 

199 



Acknowledgements 

The work presented could not have been completed without the tireless work, 

guidance, assistance, patience and mentorship of key individuals. 1 would like to 

acknowledge the Surgical Infection Society, the McGili Surgeon Scientist Program and 

the McGili University Health Sciences Center Research Institute for scholarships that 

funded over five years of research. As weil several colleagues, in particular Andrew 

Seely, for the long discussions and feedback sessions and for taking the time to 

thoroughly and honestly criticise ideas, experiments and manuscripts. A special thanks 

to Lorenzo Ferri, Kosar Khwaja and Giuseppina Campisi for their support, their help with 

protocol design and experiments in addition to the correction of manuscripts. Much 

appreciated was the technical assistance of David Hori, Carmen Loiselle, Renée 

Bernatchez and Lucia Fallavolita for experimental procedures they agreed to help with 

despite their complete lack of time in their overburdened schedules. 1 am also grateful 

for the guidance and assistance of Dr. René Michel; for his patience with my never 

ending requests. Very importantly, this work would not have been possible without the 

expertise, skill, guidance and instruction of Betty Giannias who taught me numerous 

procedures and protocols, who sat with me to learn new ones and to figure out the newer 

technologies and instruments we acquired over the years. Mary Bouldadakis will also be 

remembered for always being ready to help with manuscripts and laboratory meetings. 

My greatest gratitude is for Dr. Nicolas Christou, who accepted me under his supervision 

despite not having any more available space for research residents; who believed in me 

and in my work, encouraging me through his patience, support and guidance. He is a 

mentor that 1 admire and can only strive to emulate in my future career. My most 

important role model remains my father, a PhD himself, who taught me the basics of life; 

honesty, integrity, hard work, discipline and an ever-constant search for truth. He taught 

me to be suspicious of the glitters of titles, acclamations and awards, which time and 

200 



again only reflect superficial facets of the human person. Lastly, 1 cannot forget my 

loved ones: my two sons Mateo and Charles but most importantly the endless love, 

patience and true friendship of Dominique Charette who has made ail the work 

worthwhile, providing me with the best reason to struggle and stay the course with those 

sometimes difficult endeavours. 

201 



l'I.JV L. ... ':;;,J .......... , "V'P.3/.3 .vv 

. (ch Personnel and Qualifications (See Instructions - Section 4) 
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6. Summary (See Instructions - Section 6) 
1 llACKGJi~N.I?, I~FQ.RMA TION: (1i1'cludo here the potentiel benetit to human or animal hà"lth"o'r to·'tft~'ijyaY\Getnln"of~èidi1'iffp 

,nowledge) - LAv.TEBMtNOLQGV 
,. Polymorphonuclear nGutruphll$ (PMNs) are the tlr51 colis to /)0 nltractcd to gites of in jury wh~n an 'nnammaklry stimulus Hffer.is the 
host. In hoanh this JnlfolVes an ordered soquoncc of stl'lpS in whi(:h PMNs and vesse! endothellal cells ceCs) Inleract 10 eventuBlly 
alluw p~ssa,,& of the neutrophil ln the injurious agent. When a pathologie stimulus occurs. such as heOlorrhagic shock. lhis ordGrly 
pro coss la dir.turbed I"ading 10 Inappropriate PMN - cndothelial interactions which evenlually leads lu di~c( urvan dl:tmage by PMNs. 
Hypertonie Sallno roau_citation of $uch shock has demonstratGd prGIiminary cvidoncn that it May rcducc suetl inappropriato PMN 
interactions and hence lead to less organ dam~go. Stwer-.tllltudies IntJicllle that lhls proteellve errect la secondltry \0 allereUon in 
~c.liIElslon molecules governing these Interactions. However no ln vivo model exists 10 data that has ac1ual/y permitted direct 
visuali7.ntinn nf theae altered Inleractlons 

--_.-_ .... _---------
GLO~~L,.~Nt .. Qf.:.rtu:~rUDY: .(Inr.lude·-herè ·the prinCipal direetion of the sludy) • ·LAY·TJl;RM1NOt:.Q.GV':'·:: ! r· ':":~'';'~''':' . !.-:-J.... ~""". '. 

,. This sludy plans to quantify attendions ln PMN - flndothelial interactions in mlcc aftcr resuscltatiun of hemurrhagic shock wilh either 
hypertonie saline (HTS) or ringer'slactate (RI.). Thoso interactions willLte obsetved and quanUOed uslng Inlravilalmicroscopy. 
1 ..... •..• .~ .... __ . 

SPJ;C1FIC QBJEc:roo;j§t QF..IHE $TUDY:, (Distinct trom pror:l'ldums) • LAY rf;RMI~QbQG.Y 
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lrëln$migration on cndothellum tind an Increased ro1ling velocity. 
~ 1 u delermlne if tho vascular permeability or hypertonie saline rosuscitatod mi(:~ as dett=rmined by FITC·labeled albumin leak~lIe is 
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ilS dirninlail.ed endothellal eICprO$slon of ICI\M-1 expression as compared to thelr RL counterparts 
1 ______ - ----------------........ __ ._---------------
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4. Rese.arch Personnel and Qualifications (See Instructions - Section 4) 

Give .the names of ail individuals who will work: with animais in this study (including the Principal Investigator) and their employment 
classification (investigator, technicianlresearch assistant, under graduate or graduate student, fellow or student supervisor). The 
Prlncipallnvestigator certifies that ail personnellisted in this section will be provided with the specifie training and/or experience which 
~ualifies them to perform the procedures described in the protocol. Each person listed in this section must initial to indicate s/he have 
read this Application. 

NAME 
Nicolas V. Christou MD PhD 
Jose L Pascual MD 
Lorenzo Ferri MD . 
Betty Giannias 

CLASSIFICATION 
Principal Investigator 
Research Fellow 
Research Fellow 
Research Assistant 

5. Reviewer's Modification(s): The following modification(s) have been made to this Application during the review 
process. Please make these changes to your original documentation. You must comply with the recommended changes as a condition 
of approval for this Application. 

6. Summary (See Instructions - Section 6) 

> Polymorphonuclear neutrophils are the first cells to be attracted to sites of in jury when an inflammatory stimulus affects the 
ho st. In health this involves an ordered sequence of steps in which PMNs and vessel endothelial cells (ECs) interact to eventually 
allow passage of the neutrophil to the injurious agent. When a pathologie stimulus occurs, such as hemorrhagic shock, this orderly 
process Is disturbed leading to inappropriate PMN - endothelial interactions which eventually leads to direct organ damage by PMNs. 
Hypertonie Saline resuscitation of such shock has demonstrated preliminary evidence that it may reduce such inappropriate PMN 
interactions and hence lead to less organ damage. Several studies indicate that this protective effect is secondary to alteration in 
adhesion molecules goveming these interactions. However no in vivo model exists to date that has actually permitted direct 
visualization of these altered interactions 

> This study plans to quantify alterations in PMN - endothelial interactions in mice after resuscitation of hemorrhagic shock with either 
hypertonie saline (HTS) or ringer's lactate (RL). These interactions will be observed and quantified using intravital microscopy. 
1 ________________________________________________________________ ___ 

~ To determine if mice resuscitated from hemorrhagic shock with hypertonie saline demonstrate less PMN rolling, adhesion and 
transmigration on endothelium and an increased rolling velocity. 
~ To determine if the vascular permeability of hypertonie saline resuscitated mice as determined by FITC-Iabeled albumin leakage is 
decreased as compared to RL resuscitated counterparts 
~ To determine if Hypertonie saline-resuscitated mice demonstrate diminished PMN expression of CD18/CD11 band L-selectin as weil 
as diminished endothelial expression of ICAM-1 expression as compared to their RL counterparts 

1-----------------------------------------------------------------------
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performed on the jugular and carotid artery catheterization, cremasteric 
musèle dissection, induction of hypotension, hypertonic saline or Ringer's Lactate infusion, Fluorescent Albumin Intravenous 
administration, anesthetic overdose and cervical dislocation 
1 ____________________________________________________________ ___ 

7.a) Animal Subject Description: 
. Animal Species Strain Age Sex Weight # needed at Total per #/cage 

onetime year 
Mice Swiss Webster Male 25-30 10-20 150 4 

Animais used for genetlc alterations· 
Category Total per year 

Oocyte donors 

Pseudo-pregnant females 

Stud males 

Other (specify): 

Other (specify): 

Altered PMN-endothelial interactions: Sham (20), HTS (20), RL (20) Albumin leakage from vasculature: Sham (20), HTS (20), RL (20) 
Additional mice for losses due to technical complications (as the surgical technique is being leamed) requiring premature sacrifice prior 
:0 the end of the experiment. (30) 

The study requires the characterization of PMN endothelial interactions in vivo and the analysis of fresh blood from recently 
resuscitated mice. 

Our laboratory has significant experience with this strain of mouse especially using intravital microscopy 

Purpose of Animal Use (See Instructions - Section 7) 

7.b) Animal Husbandry & Care 
Special cages No ~ Yes D Specify 

Special diet No ~ Yes D Specify 

Special handling No ~ Yes D Specify 

Is there any component to the proposed procedures which will result in immunosuppression or decreased immune function, (e.g. stress, 
radiation, steroids, chemotherapeutics)? 

No ~ Yes D Specify 

Multiply Facility Housing? Yes D No ~ 
Indicate ail facilities where animais will be housed: RVH H3.74 
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D the laboratory under supervision of laboratory personnel 

The Cages will be labeled with biohazard or radiation labels Yes D No D 
Describe measures that will be used ta reduce risk ta the environment and animal facility personnel: 

11. Method of Euthanasia: 
SPECIES (specify) 

Mice 

Mice 

anaesthetic overdose, agent Ketamine/xylozine 

exsanguination with anaesthesia, agent 

Cervical dislocation 

Decapitation: 

CO2 chamber 

other (specify) 

with anaesthesia 

not applicable (explain) 

D specify 

5 

Route 

Route 

1 ntravenously 

Without anaesthesia D 



4. Research Personnel and Qualifications (See Instructions - Section 4) 

Give the names of ail individuals who will work with animais in this study (including the Principallnvestigator) and their employment 
classification (investigator, technicianlresearch assistant, under graduate or graduate student, fellow or student supervisor). The 
Principal Investigator certifies that ail personnellisted in this section will be provided with the specifie training and/or experience which 
~ualifies them to perform the procedures described in the protocol. Each person listed in this section must initial to indicate s/he have 
read this Application. 

NAME 
Nicolas V. Christou MD PhD 
Jose L Pascual MD 
Prosanto Chaudhury MD 
Betty Giannias 

CLASSIFICATION 
Principal Investigator 
Research Fellow 
Research Fellow 
Research Assistant 

INITIAL 

5. Reviewer's Modification(s): The following modification(s) have been made to this Application during the review 
process. Please make these changes to your original documentation. You must comply with the recommended changes as a condition 
of approval for this Application. 

> Polymorphonuclear neutrophils (PMNs) are the first cells to be altracted to sites of in jury when an inflammatory stimulus affects the 
host. In health this involves an ordered sequence of steps in which PMNs and vessel endothelial cells (ECs) interact to eventually 
allow passage of the neutrophil to the injurious agent. Hemorrhagic shock disrupts this orderly process leading to inappropriate PMN 
- endothelial interactions eventually leading to direct organ damage by PMNs. We have already demonstrated di mini shed EC/PMN 
interactions and vessel albumin leakage when hemorrhagic shock is resuscitated with 7.5% hypertonic saline (HTS) instead of the 
traditional resuscitation with ringer's lactate (RL). However, it remains unclear whether hypertonicity is protective or whether traditional 
RL resuscitation is actually deleterious. 

> This study will evaluate PMN rolling, adherence, rolling velocity and transmigration across post capillary venu le endothelium in 
animais having undergone hemorrhagic shock followed by resuscitation using different fluid preparations. These interactions will be 
observed and quantified with intravital microscopy and epifluorescence using FITC-Iabeled albumin. 

~ To determine if mice resuscitated from hemorrhagic shock with 0.9% normal saline (NS), 10% pentastarch, 5% dextrose solution 
(D5W), D5Y.NS (half D5W and half NS) and dextran demonstrate diminished PMN rolling, rolling velocity, adherence and 
transmigration through EC as compared to RL. 
~ To determine if vascular permeability (as determined by FITC-Iabeled albumin leakage) of differently resuscitated mice (as above) is 
altered as compared to that using traditional RL resuscitation. 
~ To determine which and how different resuscitation fluids alter surface PMN expression of adhesion molecules CD18/CD11b and L
selectin, both essential for PMN-EC interactions. 

, on the mice under general anesthesia: intemal jugular and carotid artery catheterization, cremasteric 
muscle dissection, induction of hypotension, hypertonic saline, normal saline, pentastarch, D5W, D5Y2NS, dextran or ringer's lactate 
infusion, observation with intravital microscopy, IV fluorescent albumin administration, anesthetic overdose and cervical dislocation 
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l 
7.a) Animal Subject Description: 

Animal Species Strain Age Sex Weight # needed at Total per #/cage 
one time year 

Aice .' Swiss Webster (CD1) Male 25-30 10-20 165 4 

Animais used for genetlc alteratlons: 
Category Total per year 

Oocyte donors 

Pseudo-pregnant females 

Stud males 

Other (specify): 

Other (specify): 

Altered PMN-endothelial interactions: Sham (10), HTS (10), NS (10), Pentastarch (10), D5W (10), D5YzNS (10), Dextran (10), RL (10). 
Albumin leakage from vasculature: Sham (10), HTS (10), NS (10), Pentastarch (10), D5W (10), D5YzNS (10), Dextran (10), RL (10). 
Additional mice for losses from complications of hemorrhage, dying prior to the end of the experiment. (5) 

The study requkes the characterization of PMN endothelial interactions and vessel leakage in vivo and the analysis of tresh blood trom 
tl 'tat d . 

~'7t~;'.,.:I:'~ " ~ '-::--'_ ~l"..'.: ',-'if ~.~ ":,, (-::"- 'l':I!~,:'·,r.;~~!.~r:)~r!1:~,:-.. ~,GI;.-;~fr;J-:.r.,'.;.~y! ,~~i:'~- v, ·}·~~·I:,- ... ,i~l!: -·,.,·.r·,~,~~.T,(',,~.~: .~ 

z(~/: ):A~f, "~" ,H -11 ',,' :(1_' ",': ,-,-:' '.1:11",H·:'.1 J~~I;:r:- r-l~ , ...... ~} . "" 

Our laboratory has significant experience with this strain of mouse especially using multiple intravital microscopy protocols 

Purpose of Animal Use (See Instructions - Section 7) 

7.b) Animal Husbandry & Care 
Special cages No ~ Yes D Specify 

Special diet No ~ Yes D Specify 

Special handling No ~ Yes D Specify 

Is there any component to the proposed procedures which will result in immunosuppression or decreased immune function, (e.g. stress, 
radiation, steroids, chemotherapeutics)? 

No ~ Yes D Specify 

Multiply Facility Housing? Yes D No ~ 
Indicate ail facilities where animais will be housed: RVH H3.74 

Surgery #1 

If animal housing location and animal use procedure location are in different buildings, briefly describe procedures for transporting 
animais: 
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11. Method of Euthanasia: 
SPECIES (specify) 

1 Mice anaeslhetic overdose, agent Ketamine/xylazine 

exsangulnation wilh anaeslhesia, agent 

Mice Cervical dislocation 

1------------1 Decapitation: wilh anaeslhesia D specify 

COz chamber 

olher (specify) 

not applicable (explain) 

5 

Route Intravenously 

Route 

Wilhout anaeslhesia D 



4. 
, 

Rèseat!élriPèrsonnélllÎld';QlullifiCâtions:' . List the names of ail individuals who will be in contact-with·animalSin 
thi$~t\lg,Klflèlu(lit\ll1i~Bndblp~i;fnvest~):ànd"their employthent classification (investigator, techriiciaîi; researeh 
assiSWit;~iJtJ.dermitUatèlgf4dùâtestùdètît,'fèUow) .. Indicate any training received (e.g workshops, lectures, etc;). The PI 
c,etti(iêS'Jtml!all,p~9nii~l~is~~JierelUiv.e su~blç ifaining and/or experience, or will be provided with the SJiecific 
tra~,M1iiCh qual(t'ièsttliéîltta:pên<ifnt.;1:lie;pr<kèâures described in theprotocol Each person Iistedin titis section:must 
signfo;ïfiitrbate',tH~t;sfh~. hàs réaèHhisitfr-ôtOCQ1 ... (spacewill expand as rieeded.) 

Name Classification Training Information Signature 

Nicolas V. Christou PI MD, PhD, Laboratory Director 
Jose L. Pascual PhD student MD, Research Fellow (workshop) 
Betty Giannias Technician Senior Research Technician 
• Enter the first name, press 'enter', then the 200 name ... complete the first column, then the 200

, then the 3rd 
.. If an undergraduate student is involved , the role of the student and the supervision received must be described . 

. inashoTt paragl"aph, the overallaim orthe study and ifs potential bene fit to 
advancement ofscientific Icn,nwIPIIlop_ 

pa 

Polymorphonuclear neutrophils (PMNs) are the fust ce Ils to be attracted to sites ofinjury when an inflanunatory stimulus affects 
the host. In health tbis involves an ordered sequence of steps in which PMNs and vessel endothelial ceUs (ECs) interact to 
eventually aUow passage of the neutrophil to the injurious agent. In the systemic inflammation that foUows severe hemorrhage 
and infection these interactions become exaggerated causing the release of toxie substances which result in tissue and organ 
injury. This study will evaluate PMN rolling, PMN adhesion to endothelium, PMN rolling velocity and PMN transmigration in 
the microcirculation of mouse cremaster after hemorrhagic shock is resuscitated by either Ringer's lactate (RL) or hypertonic 
saline (HTS) and is foUowed by a pulmonary infection. These interactions will be observed and quantified using intravital 
microscopy and epifluorescence using FITC-labeled alburnin. Identified HTS-associated benefits in reducing inflammation will 
contribute to this fluid to more use in clinical resuscitation both in the lCU and the room 

b) SPECIFIC OBJECflVESOF THE STUDY: Summarize in point form the primary objectivesofthis study. 

-To deterroine ifHTS-resuscitated mice with a tracheal infection dernonstrate less PMN rolling, adhesion and transmigration on 
endothelium and increased roUing velocity as compaerd to RL. 
-To deterroine if the vascular permeability ofHTS-resuscitated mice (as deterrnined by FITC-Iabeled albumin leakage) is 
decreased as compared to that with traditional RL resuscitation when infection follows resuscitation 
-To deterroine ifHTS-resuscitated mice having undergone a subsequent infection demonstrate diminished PMN expression of 
CD l 8/CD l lb and L-selectin as weIl as diminished endothelial expression ofICAM-l expression as compared to their RL 

c) PROGRESS REPORT: If this is a renewal of an ongoing project, BRIEFL Y summarize what was accomplished 
during the prior approval.period and indicateir and how the current goals dirfer from those in the original 

We have aIready demonstrated that immediately after resuscitation from hemorrhagic shock, HTS results in fewer rolling and 
adhering neutrophils in post capillary venules. In the lCU, patients having undergone resuscitated hemorrhagic shock are 
particularly susceptible to a subsequent, seemingly unimportant, infection which, when it occurs, may precipitate patient 
deterioration to mutiple organ dysfunction (MODS), and death. This more clinically significant scenario will be investigated 
with the proposed model of murine hemorrhagic shock resuscitated by one of the above mentioned regirnens, instillation of LPS 
(83.3micrograms/kg) into the trachea 1 hour later and evaluation of cremaster intravital microscopy (including fluorescence) (2 
hours with serum evaluation of PMN adhesion 

d) SUMMARY OF PROCEDURES FOR ANIMAL USE REPORT TO THE CCAC: Using KEY WORDS ONLY, 
Iist the procedures used (e.g. anaesthesia, breeding colony, injection IP, gavage, drug administration, major 
survival surgery, euthanasia by exsanguination, behavioural studies). Refer to Appendix lof the Guidelines for a 
more Iist words. 

Vascular catheterization, induction of hypotension, HTS or RL administration in addition to shed blood, LPS instillation into the 
trachea by direct vision, cremasteric muscle dissection, intravenous fluorescent albumin administration, anesthetic overdose and 
cervical dislocation 

6. Animais Ta Be Used 
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a) Purpose of Animal Use (Check one): 
1. 0 Studies of a fundamental nature/basic research 
2. [8J Studies for medical purposes relating to humanlanimal diseases/disorders 
3.0 Regulatory testing 
4. 0 Development of products/appliances for humanlveterinary medicine 

b) Will the project involve breeding animais? NO[8J YES 0 
Will the project involve the generation of genetically altered animais? NO [8J 
Will field studies be conducted? NO [8J YES 0 

c) Description of Animais 

Sp/strain 1 Sp/strain 2 Sp/strain 3 Sp/strain 4 
Species Mice 

Charles River 
Supplier/Source St-Constant, 

Qc 
Swiss 

Strain Webster 
(CD 1) 

Sex male 

Age/Wt 25-30g 

# To be purchased 

# Produced by in-
0 

house breeding 
# Other 0 
(e.e.field studies) 

#needed at one time 5-10 

# per cage 4 

TOTAL# IYEAR 130 

YEsO 

Sp/strain 5 Sp/strain 6 

Qualitv Control Assurance: To prevent introduction of infectious diseases into animal facilities, a health status report or veterinary 
inspection certificate may be requlred prior to receiving animais from ail non-commercial sources or from commercial sources whose 
animal health status is unknown or --'luestionable. Quarantine and further testine may be required for these animais. 

7. Justification oh\:iiipran1sage 

a) Please justify the number of animais requested for each species described in the table 6c above, BASED ON THE 
EXPERIMENTAL OBJECTIVES OF THE PROJECT. Inc1ude information on experimental and control groups, ## per 
group, and failure rates. Alsojustify in terms ofstatistical requirements, product yield, etc. Forbreeding, specify how 
Many adults are used, number ofoffspringproduced, and how Many offspring are used in experimental procedures. 
The numbers of animais are for one year only, not the length of funding. Use the table below when applicable (space 
willexpand asneeded). 
Altered PMN-endothelial interactions: Sham (20), HTS (20), RL (20) Albumin leakage from vasculature: Sham (20), 
HTS (20), RL (20). Twenty mice per group will allow to detect 10-20% differences between groups. Additional mice for 
losses due to technical complications (10). 

Test Agents or # of Animais and Dosage and/or Route' # of end points Other variables (i.e. sel Total number of 
Procedures Species Per Group Administration weight, genotypes,etc.) animais per year 

page 3 

e.g. 2 Drugs e.g. 6 rats e.g. .03, .05 mg/kg - e.g. 1, 7, 10 days e.g. Male, Female e.g. 2 x 6 x 4 x 3 x 2 = 
lM IP (4 variables) (3 variables) groups (2 variables) 288 
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* For the above table, enter the first agent/procedure, press 'enter', then the 2ad agent ... complete the first column, then the lad, 
then the 3rd 

... 

b) Please justifythe need for live animais versus alternate methods (e.g. tissue culture, computer simulation). 
The study requires the characterization of PMN endothelial interactions in vivo and the analysis of fresh blood from recently 
resuscitated mice. 
c)Des()ti,b.,dlC~eharactetistics()fthe8,nhÏlalspecies selected that justifies its use in the proposed study (consider 
eharaêteriStics suchas 'bOdysÎZe, species, strain,datafrom previous studies or unique anatomidphysiologlcalfeatures) 

Our laboratory has significant experience with this strain of mouse especially using intravital microscopy 

8. Animal Husbandryand Care 

a) Special cages NO~ YES 0 Specify: 

Special diet NO~ YESO Specify: 

Special handling NO 181 YESO Specify: 

h) Is there any component to the proposed procedures which will result in immunosuppression or decreased immune 
function (e.g. stress, radiation, steroids, chemotherapeutics, genetic modification of the immune system)? 

!'I0 181 YES 0 Specify: 
c) 
Multiple institution facility housing: NO ~ YES 0 
Indicate ail facilities where animaIs will be housed: Building: RVHH3.74 RoomNo: H3.74 

Indicate area(s) where animal use procedures will be RVHHershey 
conducted: Building: Pavillion RoomNo: H6.40 

If animal housing and animal use are in different locations, briefly describe procedures for transporting animaIs: 
Transfer 3 floors by elevator, the cages being on a cart and completely covered. 

9. Standard OperatingProcedures(SOPs) 
Complete this section iCyouplanto use any orthe UACC SOPs Iisted below. IT IS UACC POLICY THAT THESE 
SOPS BE USED WREN APPLICABLE. Any proposed variation of the SOPs must be described and justified. The 
Standard Operating Procedurescan be found at the UACC website at www.mcgill.ca/rgo/animal. The completed and 
signed SOP Corm mustbe attached to the protocol. 

Checkall SOPs that willbe used: 

Blood Collection (UACC#l ) 0 Production of Monoclonal Antibodies (UACC#7 ) 0 
Anaesthesia (rodents) (UACC#2) 181 Production of Polyclonal Antibodies(UACC#8 ) 0 
Analgesia (rodentsllarger species) (UACC#3 ) 0 Collection of Ampbibian Oocytes (UACC#9 ) 0 
Breeding (transgenics/knockouts) (UACC#4 ) 0 Rodent Surgery (UACC#10 ) 0 
Transgenic Generation (UACC#5) 0 Neonatal Rodent Anaesthesia and Euthanasia 0 (UACC#l1) 

Knockoutlin Generation (UACC#6 ) 0 0 

a) FOR EACH EXPERIMENTAL GROUP, DESCRIBE ALL PROCEDURES AND TECHNIQUES IN THE 
ORDER IN WHICH THEY WILL BE PERFORMED - surgical procedures, immunizations, behavioural tests, 
immobilization and restraint, food/water deprivation, requirements for post-operative care, sample collection, 
substance administration, special monitoring, etc. IF A PROCEDURE IS COVERED BY AN SOP, WRITE "AS 
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'PER SOP", NO FURTHER DETAll..1S REQUIRED. Appendix 2 of the Guidelines provides a sample list of points 
that should be addressed in this section. 

>AIl procedures are performed under general anaesthesia induced by intraperitoneal injection and maintained by IV 
infusion ofKetarninelXylazine on CD1 male mice weighing 25-30 gm: The flISt experiment involves observation and 
quantification of endothelial - PMN interactions after intratracheal LPS instillation and preceeded by hemorrhagic shock 
resuscitated with either Ringers lactate (twice the shaed blood volume ofRI.., 67.7cc/k.g), or hypertonic saline (4cc/kg of 
7.5% NaCl). After intraperitoneal anaesthesia, a longitudinal neck incision is made and the jugular vein and carotid artery 
are dissected, isolated, and cannulated. Continuous blood pressure monitoring is recorded via a pressure transducer 
connected to the carotid artery catheter. Intravenous drugs and anaesthesia, are adrninistered via the jugular vein catheter. 
Through the carotid catheter, 30-40% of the animal's blood volume is slowly withdrawn (to a BP of 40nunHg) and placed 
in a warmed, shaken plastic syringe. One hour later the blood is returned to the animal after the administration of one of 
the above two fluid regimens. The mouse is then placed in the prone position and maintained warmed by a heat lamp for 
one hour. At this time the trachea is exposed by blunt dissection of pretracheal muscles. A 31 G syringe is used to directly 
instill into the trachea a volume of25 microliters ofLPS (83.3micrograms/kg). The neck inscision is reaproximated. 2 
hours later, the cremaster muscle is dissected and splayed open in a 5 point preparation with 4-0 sille. The mouse and 
cremaster dissection is placed on the plexiglas stage of an inverted microscope. Anaesthesia is continually maintained 
with the infusion ofketamine/xylazine mix (as above) via the jugular catheter. The cremaster is continually superfused 
with warmed Bicarbonate Buffer Solution (BBS). PMN - endothelial interactions are observed, recorded and quantified at 
a later time using video playback. The mice are then sacrificed and blood is collected via cardiac puncture for white cell, 
PMN counts and receptor (CD 18, L-selectin) quantification. To characterize and quantify the effect ofthe two 
resuscitation regimens (RI.. vs HTS) on vascular leakage, mice will be randomized to the different resuscitation fluids 
prior to receiving LPS. Mice will be prepared in the same manner as above (carotid jugular cannulation, hypotension and 
resuscitation, LPS instillation, cremaster dissection), but will then receive fluorescent bovine albumin (50mglkg) 
intravenously via the jugular catheter. Fluorescent microscopy will follow 15 minutes later to determioe how much of the 
fuorescent macromolecules have leaked out of the microcirculation, in vivo. Once the fluorescent leakage computer 
analysis is complete (6 minutes), the mice will be sacrificed as above. 

b) Field Studies - Provide ail relevant details. Procedures to be conducted (e.g. surgery, blood collection, tagging etc.) 
should be described above. 

Method of capture/restraint, duration of captivity, potential injury/mortality, monitoring frequency: 

Transportation and for housing of animais in the field: 

Special handling required: 

Capture of non-target species, potential injury/mortality: 

Will captured animais be released at or near the capture site YES 0 NO 0 
If not, specify if they will be relocated to other locations and/or populations. 

Describe any potential ecological disruption tbis study may cause: 

It is the responsibility of the investigator to obtain,all necessary permits for work with wildlife. Copies of these permits 
must beCorwarded to the ResearchEthicsOfficer(Animal Studies) when they are obtained. 



r-~ ____ ~ __ ~~~ ____ ~-=~ __ ~~~~~~ ____ ~~~ ____ ~~ ____ ~~ ________ ~ ______ ~~~~age7 
chemicals al levels that (may) markedly impair physiologiœl systems and which cause death, severe pain or extreme distress or physical 
trauma on unanaesthetiud animais. According to University policy, E level studies are not permitted. 

12. the responsibllityof 

No hazardous materials will be used in this study: 

a) Indicate which of the following will be used in animais: 
DToxic chemicals DRadioisotopes DCarcinogens [8]Infectious agents DTransplantable tumours 

b) Complete the following table for each agent to be used (use additional page as required). 

LPS 

c) ACter administration the animais will be housed in: the animal care facility 
[8] laboratory under supervision of laboratory personnel 

Please note that labeled at ail times. 

d) Describe potential health risk (s) to humans or animais: 
none short of univers al precautions 

e) Describe measures that will be used to reduce risk to the environ ment and ail project and animal facility personnel: 


