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ABSTRACT 

In the lung neutrophil (PMN)-endothelial interactions contribute to the endothelial 

damage that occurs in many disease states, such as the adult respiratory distress syndrome 

(ARDS). Current literature states that. PMN adherence is greater at low blood flow rates. 

How high blood flow rates affect PMN-mediated injury in the lung has not been 

investigated. This study was designed to determine the effects of increased blood flow on 

the ability of phorbol myristate acet~te (PMA) to cause lung injury in the isolated canine 

lung lobe and on the ability of agents to protect against this injury. Injury was assessed 

by examining luminal endothelial bound angiotensin converting enzyme (ACE) activity, 

pulmonary vascular resistance (PVR), pulmonary artery pressure (Pa), double vascular 

occlusion pressure (Pdo ), and the capillary filtration coefficient (Kr). PMN sequestration 

was measured using circulating white blood cell· counts [WBC] and differentials and 51 Cr 

labeled PMN retention by the lung~ 

Lung lobes were perfused at low flow (LF, 0.599±0.001 L/min) or high flow 

(HF, 1.185:f::0.004 L/min) and divided into four groups. Group I, LF PMA, Group II, LF 

Control, Group III, HF PMA, and Group IV, HF Control. Groups I and III received PMA 

(1 o·7M) while Groups II and IV were treated with the PMA vehicle. PMA decrea~ed 
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ACE activity and [WBC] at both flows while Pa, PVR and Kr were increased. PMA 
( 
'L 

caused lung injury independent of blood flow rate. 

Isoproterenol (ISO) has been shown to protect against some forms of lung injury. 

To study the effect of flow rate on the ability of ISO (10-5M) to protect against PMA-

induced injury, lobes were perfused at either 0.603±0.003 or 2.015±.0.064 L/niin ~d .. 

were pretreated with either saline (Group I, LF Vehicle + P MA) and (Group II, HF 

Vehicle + PMA) or ISO (Group III, LF ISO + P MA) and (Group IV, HF ISO + P MA) for 

20 min before PMA. After PMA ·Group I and II lobes showed significant decreases in 

ACE activity and increases in Pa and PVR. Kr measurements after injury. could be 

completed in only three of the six lobes in Group II due to severe edema. Pa and PVR 

increased after injury in Group III lobes. In Group IV lobes ISO protected against the 

increases in Pa and PVR and decreases in ACE activity but caused an increase in Kr that 

was further increased after PMA. Thus, ISO protected against endothelial ectoenzyme 

dysfunction and partially protected against hemodynamic changes after PMA in lungs 

perfused at high blood flow rate. Lobes perfused at a low flow rate were not protected 

from the hemodynamic effects of PMA by ISO pretreatment. 

Pentoxifylline (PTX) is another agent reported to provide protection against 

various forms of lung injury. To study the ability of PTX (10-3M) to protect against 

PMA-induced injury, lobes w~re perfused_at low flow (LF, 0.601±0.002 L/min) or high . 

flow (HF, 1.170±0.005. L/min) and divided into four groups. Group L LF PTX Control, 
- . . ~ ·, 

Group II, LF :eTX + PMA , Group Ill, HF PTX ~ontrol, and Group IV, HF PTX + PMA. 
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Lobes were treated with PTX 30 min before PMA or vehicle. [WBC] and blood smear 

differentials were performed. PTX increased [WBC] in all groups but did not change any 

other measured parameters. In the presence of PTX, PMA resulted in no changes in ACE 

activity, Kr or hemodynamic parameters. PMA decreased [WBC] (l><O.OS) in both the 

presence and absence of PTX. PTX provided protection against PMA-iliduced l~g 

injury at both flow rates. 

The injury to PMA was found to occur in lung lobes perfused at both hig~ and 

low flow. PMA increased Pa, PVR and ·the ~r while decreasing circulating WBC counts, 

circulating PMN counts, Ama/Km, and% metabolism of 3H~BPAP. Although the injury 

to PMA was found to occur independently of flow. rate, the ability of ISO to protect · 

against PMA-induced injury was foun,d to .be greatest during high- flow perfusion. At 

high flow, ISO completely protected against increases in Pa, Pdo and PVR while 

attenuating the increase in the Kr. Plasma cAMP lev~ls were also significantly increased 

by ISO pretreatment and were not alter~d .by PMA in the high flow group. At low flow 

ISO did notprevent PMA-induced increases in Pa, Pdo or PVR. ISO did however protect 
. ' . . . ' 

against increases in the.Kr and tended to increas~ plas.ma cAMP_levels. Unlike ISO, PTX 

provided protection against PMA.,.induced lung injury independently of flow rate. During 

both high and low flow perfusion PTX protected against PMA-induced increases in Pa, · 

PVR and ~e Kr'Yhile protecting against decreases in ACE enzyme activity. PTX caused 

the release of WBC from the lung significantly increasing both total WBC and PMN 

counts. PTX did not prevent the sequestration of PMN or the release of superoxide in 

response to PMA. 
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INTRODUCTION 

A .. Statement of the problem 

Neutrophil-endothelial cell interactions are a natural physiological occurrence and 

are necessary for the normal passage of PMN from .the bloods~ream to extravascular 

tissue where they function to remove foreign matter. As the first line of de~ense PMN 

normally seek out and destroy foreign matter by using anti-microbial mechanisms 

specific for the· cell invaders and their environment. To perform this function the PMN is 

equipped with membrane associated systems that generate reactive oxygen metabolites 

and proteases and other degradative enzymes released from cytosolic intracellular 

granules (Weiss, S.J~, 1989). By virtue of its location the endothelium poses a barrier 

between the PMN and the tissue, so endothelial cells are the first cells exposed to the 

· potentially damaging effects · of activated PMN. The PMN normally passes · the 

endothelial barrier without damage to the endothelium: However, if PMN-endothelial 

interactions are altered by events such as increased activation and adherence ofPMN, the 

endothelium could become the target of the PMN's destructive power. 

In the systemic circulation PMN have been shown to "marginate" or slowly roll 

along the vessel wall as the result of weak · attractive forces and particle flo:w 

characteristics. These marginating J~MN have been observed in postcapillary venules 

(Schmid-Schonbein:et al., 1980). The lwig vasculature, specific~l.ly .the capillary bed, 
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contains a large reservoir of PMN. Unlike the systemic circulation, the pulmonary 

circulation is unique in that the majority of the PMN are found in the capillaries. 

Videomicroscopy of the subpleural pulmonary circulation of the dog showed that PMN 

were exclusively retained in the capillary beds as opposed to the postcapillary venules 

(Lien et al., 1987). Both the anatomy and low pressure of the pulmonary circulation may 

be responsible for this capillary retention of PMN (Hogg, J.C., 1987). Many PMN are 

larger than the average diameter of capillaries so they must deform to pass through the 

capillary. However, the complex cytoplasm of the PMN is relatively stiff causing many 

of the PMN traversing the lung to lodge in the capillaries. Nevertheless, PMN delayed in 

the capillary are not a static pool of' cells but are in constant flux with the circulating 

fraction of the intravascular pool such that an inverse relationship exists between the size 

of the regional intrapulmonary pool and regional pulmonary blood flow (Martin, B. A., et 

al., 1982 and Anderson, B.O. et al., 1991). If such a relationship exists then it may have 

pathological consequences during conditions of low flow such as hemorrhagic and septic 

shock. In such instances, low flow could result in sequestration of more PMN. 
' . 

· Subsequent activatio~ of these PMN by the ·action of .l~cal .proinflammatory mediators 

may result in the development of ARDS-like capillary injury (Windsor, A. C. et al., 1993). 

Many forms of lung injury are dependent upon or worsened by altered PMN-

endothelial cell interactions. The PMN population in the lungs is increased with many 

forms of acute and-chronic·lurtg:injury (Tate, R.M. and J.E. Repine, 1983). ARDS is one 

disease where increased PMN sequestration increases damage to the lung. Despite ~ll the 
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advances in medicine, ARDS is still associated with a mortality rate of greater than 50% 

(Fowler et al., 1985). Although an increase in blood flow increases the washout out of 

PMN and injurious mediators, the effects of increased blood flow on lung injury related 

to PMN sequestration has not been investigated. 

The ability of PMN to sequester in the isolated lung has been studied by injecting 

radio labeled PMN, allowing the cells to circulate and measuring the radioactivity of the 

tissue. This method has been widely used to study PMN transit through the intact organ. 

Microscopy indicates that radiolabeled cells distribute in the microvasculature similarly 

to unlabeled cells (Doerschuk, C.M., et al., 1987). 

Various cAMP elevating agents provide protection against injury in experimental 

models of ARDS. These . agents likely provide protection by elevating intracellular 

cAMP and enhancing the contacts. between endothelial cells by rearranging actin 

filaments (Minnear, F.L. et al., 1989, Haselton, F.R. et al., 1989) or by inhibiting the 

adherence of granulocytes to endothelial cells (Boxer, L.A. et al., 1980). Studies 

examining these protective effects of cAMJ> have been conducted at low blood flow rates. 

How elevated flow might alter this protection remains unknown. Blood flow rate was 

found to alter the ability of indomethacin to protect against PMA-induced enzyme 

dysfunction in the rabbit lung (Chen, X. et al., 1992). Indomethacin pretreatment 

prevented enzyme dysfunction after PMA at low blood flow rate but not at high. During 

the vessels have flow at any given time. At low flow the protective effects of low flow 

perfusion the microvasculature is only partially recruited so only a portion of 
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indomethacin may have been through the diversion of flow away from injured vessels to 

healthy vessels that were not perfused at the time PMA. was adminstered. 

Methods for analyzing lung injury in experimental models have typically involved 

studying changes in vascular pressures, increases in permeability and changes in lung · 

weight as evidence of edema formation. While these methods are widely used to assess 

injury, more sensitive .methods are_currently be1rig,.examined. In as much as pulmonary 

endothelial dysfunction .remains the hallmark of acute lung injury (Brigqam, K.L., 1987), · 

assessing endothelial ~ction could provide an earlier measure of injury. Endothelial 

cell damage has been assessed ih vitro· by examining parameters such as cell detachment 

after exposure to injurious ~~ents and measuring permeability changes to albumin or 

other large molecules (Harlan, J.M., et.al., 1981 and. Sliasby, D.M~, et al. 1983). When 

changes in these measurements occur they typically signal severe damage or death of the 

endothelial cells. Studies by Catravas et al. (1983) have shown that endothelial enzyme 

dysfunction may .be an earlier indicator of cell injury than is cell detachment or changes 

in permeability. The overall aims of my work are t~ evaluate the sequestration of PMN 

in the normal and injured lung during perfusion at partial and near full vascular 

recruitment state and to determine the ability of selected agents to provide protection 

from injury during low or high flow conditions. I hypothesized that in a PMN-mediated 

model of lung injury, increasing blood flow rate would decrease PMN adherence result-

ing in a reduction of injury compared to lungs perfused at lower blood flow rates. I also 

hypothesized that, since PMA-induced lung injury is mediated by PMN, agents protecting 
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against PMA-induced lung injury at low flow should be more protective during high flow 

perfusion. · The injury to the lung was assessed using the traditional indices of injury, i.e. 
r ~ • . ' 

hemodynamic changes and the capill~· filtration ~oefficient, Kr, as well as ACE ac~ivity 

assays to examine functional changes ofthe endothelium. 

B. Literature review 

1. The role of PMN in injury · 

Phorbol myristate acetate (PMA) has been shown to provoke PMN adherence, 

aggregation, degranulation and release of oxygen ~adicals (O'Flaherty, et al., 1980). 

PMA injury to the lung results from the activation ofPMN, their adherenc.e to endothelial 

cells, and subsequent migration into the tissue (Dyer, E.L. and J.R. Snapper, 1986 and 

Kuroda, M., et al. 1987). These events appears to mediate the cellular damage that results 

in pulmonary hypertension, neutropenia, thrombocytopenia, hypoxemia, and enhanced 

microvascular permeability associated with PMA (Johnson, K. J. and P.A. Ward, 1982, 

and Taylor, R. G., et al., 1985). 

The injurious· factors formed by the PMN are unstable and highly reactive oxygen 

radicals that are capable of disrupting the lipid membranes of target cells by peroxidation 

(Hinsaw, D.B. ~t al., 1989). In addition, oxygen radicals also prevent normal actin 

metabolism by altering cellular adenosine 5'-triphosphate (ATP) and calcium levels 

(Hinsaw, D.B. et al., 1989). The resulting changes in endothelial cell shape in response 

to the disruption ·of microfilaments ~d microtubule depolymerization create a capillary 

leak that is typical of the cellular damage seen in ARDS (Hinsaw, D.B. et al., 1989). The 
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cytosolic system of neutrophil granules cc>ntains a large family of proteolytic enzymes, 

bactericidal proteins, lysozyme and lactoferrin (Bretz, U. and Baggioloni, 1974). 

Proteolytic enzymes, such as elastase, gelatinase, and collagenase have the potential to 

degrade much of the host environment comprised of collagen, elastin and basement 

·membrane (Windsor, A. C. et al., 1993). Destruction of these connective tissue elements 

is seen in the advanced stages of lung injury in ARDS. In the normal response to 

infection or inflammation, the neutrophil's destructive forces are held in check by 

circulating antiproteases and oxidant scavengers; however the separation between self-

protection and self-destruction is narrow and often poorly defined. These destructive 

forces can result in widespread injury to healthy cells. 

2. Adhesion molecules and PMN adherence 

The induction of the inflammatory response involves a multistep process that is 

initiated by the release of the early response cytokines, tumor necrosis factor-alpha (TNF-

a) and interleukin- one (IL-l), as well as other components, such as activation products · 
' . 

of complement, proteinases, and oxidants (Ward, P.A., et al., 1988). The release of these 

early response mediators leads to the upregulation of adhesion molecules present on both 

the vascular endothelial cells and circulating leukocytes.· The selectin molecules have 

been shown to play a role in early adhesion events functioning to slow the flow of 

leukocytes in the vascular compartment allowing transient adherence to counterreceptors 

on the endothelium ( Jutila, M.A., 1994.and Hogg, J.C. and Doerschuk, .c:M, 1995). P-

s~lectin is expressed on activated platelets and endothel.~al cells by translocation of 
' ' 
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storage granules to the cell surface, L-selectin is normally expressed on leukocytes and E

selectin is expressed on activated endothelium (Jutila, M.A., 1994). The vascular 

endothelial cells express V CAM (vascular cell adhesion · molecule) and I CAM 

(intercellular adhesion molecule) which serve as the counterreceptors for the ~-integrin 

receptors on leukocyte surfaces (Luscinskas, W., et al, 1991 and Dustin. M.L., et ·al. 

1986). 

The currently held concept is that the rapid expression of selectin molecules and 

their counterreceptors allows for the reversible binding that results in the "rolling" of 

·leukocytes along the vessel wall. This rolling allows the leukocytes to be slowed and 

transiently removed from the circulatory flow permitting the development of firm 

adhesion to VCAM and ICAM expressed on activated endothelium (Carlos, T., et al. 

1991 and Hakkert, B.C., et al.,. _1991). Once leukocytes are firmly adhered they may 

migrate through the tissue toward chemotactic factors. 

3. Blood· flow rate and PMN adherence 

If pulmonary blood flow ·rate is a decisive factor in determining the extent to 

which PMN adhere to the endothelium, then it is conceivable that at low blood flow rates, 

the extent of injury would be greater than at high blood flow rates. It follows that at 

lower flow rates the likelihood of PMN adherence would be greater than at higher flow 

rates and thereby associated with more injury. 

Two important determinants· of the leukocyte-endothelial cell adhesion observed 

during inflammation are: 1) the extent of shear forces generated bythe movement of 
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blood within the microcirculation and 2) expression of adhesion glycoproteins on the sur

face of leukocytes and endothelial cells (Bienvenu, K. and D. Granger, 1993). The 

passage of neutrophils through the pulmonary microcirculation depends on the balance 

between forces that tend to retard their progress and the dispersive forces acting to propel 

them through the vessels.- The retardive forces are those directly related to the adhesfon 

and friction between the neutrophil and the endothelial cell and to the extent of neutrophil 

deformation. The dispersive forces are those related to the shear stress along the vessel 

wall, which in turn depends on the local blood flow velocity. Studies using radio labeled 

microspheres and erythrocytes indicate a direct correlation between PMN retention and 

capillary transit time. With· longer transit times more neutrophils are retained (Martin, 

B.A. et al.,1987, Hogg, J.C. et al., 1988, Doerschuk, C. M., et al., 1987). It has been 

demonstrated that a reduction in shear stress results in a progres~ive recruitment of 

adherent leukocytes in cat mesenteric venules (Bienvenu,.K., et al., 1992). Similarly, in 

endothelial cell culture, a reduction in shear stress resulted in an increase in CD 18-

mediated neutrophil adhesion to cultured cells (Worthen, G. S., et al., 1987). 

The effect of capillary diameter on WBC retention was studied in dog lungs 

pump- perfused ·and maintained in either zone II or zone III conditions (Glazier, J.B., et 

al., 1969). Blood perfused lungs in zone II where Pair> Pv trapped more PMN than 

lungs perfused under zone III conditions where Pv >Pair. Increasing perfusion pressures 

in the zone II lung caused fewer PMN to be "washed out" than in zone III conditions. 

This finding was attributed to observations that showed that the mean width of capillaries 

is less in zone II than zone III at similar perfusion pressures (Glazier, J.B., et al., 1969). 
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Capillary width increased more with increa.ses in perfusion pressure und~r zone III than 

zone II conditions (Glazier, J.B., et al., 1969). The more widely distended capillaries in 

the zone III lung enable more white cells to pass through lung vessels while under zone II 

conditions cells more frequently lodge in the capillary bed. The distention of the 

capillary bed in the zone III lung resulted from increases i~: both capillary pre~sure and 

capillary blood volume. 

Increasing lung blood flow results in increased capillary pressure and blood 

volume and greater distention of the capillary bed, therefore zone III lungs perfused at 

high blood flow rates should retain fewer PMN than a comparable lung perfused at a 

lower blood flow rate. Since many pathological· conditions such as hemorrhagic or septic 

shock are accompanied by diminished cardiac output, blood flow reductions may . 

contribute to increased retention of PMN in the lung. It seems probable that increased 

PMN retention associated with low cardiac ~utput could play an important role the 

development of ARDS (Thommasen, H.V., et ai., 1984). 

The effect of regional blood flow on PMN retention has been examined and 

retention was found to be greatest in regions of the lung receiving the least blood flow 

and to fall in an exponential fashion as flow increased (Martin, B.A., et al., 1982). 

Furthermore, PMN retention could be either increased or decreased by respective 

decreases or increases in blood flow. The observation that reduced blood flow caused 

PMN to be retained in the lung supported an earlier study that reported a large proportion 

of white blood cells lodged in the alveolar capillaries at low perfusion pressures (Perlo, 

S., et al., 1975). 
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The observations cited above in the isolated lung were supported by In vivo 

studies. In anesthetized, spontaneously breathing· dogs, a reduction in pulmonary blood 

flow was induced by inflating a 'balloon catheter in the inferior vena cava caused lung 

leukocyte sequestration to increase (Thommasen, H. V., et al., 1984). When the balloon 

was deflated cells were released from the lung in proportion to the number of cells 

· sequestered. Thus, pulmonary blood flow· markedly affected the uptake and release of 

leukocytes by the dog lung. Of the white blood cells, PMN accounted for the greatest 

fraction of the cells retained. 

An important relationship between blood flow rate and PMN retention was noted 

in a study that examined PMN retention in model capillaries (Downey, G.P., et al., 1988). 

In this in vitro study, PMN retention was related to deformability, geometry and hydro-

dynamic forces. Radiolabeled human PMN in serum containing buffer were passed 

through Nuclepore filters of kno~ pore size. As flow rate was incrementally increased 

the retention of PMN in the filter decreased in logarithmic fashion. In addition, an 

increase in perfusion pressure due ~o increasing the hematocrit was also found to decrease 

PMN retention. In vivo, an increase in perfusion pressure resulted in an increase in 
/ 

transmural pressure which increased the diameter of the capillaries leading to decreased 

PMN retention (Downey, G.P., et al., 1988). 

The deformability of the PMN was also found to be important in retention 

(Downey, G.P., et al., 1988). Erythrocytes were able to pass through the filters more 

readily than the PMN although the cells are approximately the same size. This difference 
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was attributed to the fact that the RBC is more deformable than the PMN. The 

·erythrocyte is non-nuCleated and has a biconcav~ shape which allows it to fold on itself. 

In contrast the PMN has a large multilobulated nucleus and a stiffer cytoplasm and with 

activation PMN become even stiffer and less -deformable. The polymerization and 

redistribution of F -actin may be responsible for the stiffening associated with PMN 

activation (Downey, G.P.,et al., 1991). Interestingly, agents that cause depolymerization 

of actin, such as the cytochalasins, have been found to diminish leUkocyte retention in the 

lung (Shasby, D., et al., 1983). 

Wall shear stress also appears to -be an important factor influencing the retention 

ofPMN in the filters. If these in vitro fmdings are extrapolated to the. lung microvascular 

bed, increasing blood flow through the lung should increase shear stress, perfusion 

pressure and transmural pressure, causing capillaries to distend arid decreasing retention 

ofPMN. 

Studies have been performed to examine whether agents that reduce granulocyte 

adherence to endothelium reduce injury caused by PMA. According to the 

microenvironment theory, adherence of activated PMN to endothelium creates a 

microenvironment into which the PMN secrete toxic products such as reactive oxidant 

metabolites and proteases. This microenvironment between PMN and endothelium is 

protected from circulating oxidant scavengers and antiproteinases, ~d permits 

endothelial injury to develop unchecked (Windsor, A.C. J., et al., i993). In the absence 
' ~ . ' 

of granulocyte_ adherence, the microenvironment n~c.essary for the release and action of 
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the granulocyte-derived oxygen radicals and proteases fails to form so the endothelium 

should be better protected from injury. It is known that human granulocytes activated by 

PMA increased endothelial monolayer permeability t~ albumin (Shasby, D.M., et al., 

1983). However, PMA· treated granulocytes from patients with chronic granulomatous 

disease, that is characterized by deficient oxygen radical production and adhesion 

molecules, does not increase permeability (Shasby, D.M., et al., 1983). This strongly 

suggests that the injury is dependent on PMN adhesion and granulocyte-derived oxygen 

radicals. In other experiments (Shasby, D.M., et al., 1983), granulocytes were s~parated 

from the endothelial cells by a micropore filter and injury to PMA did not occur. This 

further demonstrates the need for close physical contact between granulocytes and 

endothelial cells. Isolated, perfused rabbit lungs were studied to test these in vitro 
I 

findings in the intact microvasculature (Shasby, D.M., et al., 1983). Pretreatment of 

granulocytes with cytochalasin B or the addition of2% dextran to isolated lung perfusates 

reduced both granulocyte adherence and edema formation after PMA. These agents have 

been shown to reduce granulocyte adherence ·to endothelium without reducing 

granulocyte 0 2 radical release (Shasby, D.M., et al., 1983). These results confmned the 

cell culture- findings to show that granulocytes need to adhere to' the' enc;lothelial cells to 

cause injury. In a study of the lung injury related to ischemia~reperfusion, the role of flow 

and endogenous leukocytes were examined (Seib~rt, A. F., et al., '1993). ·A reduction in 

perfusate flow rate potentiated· the microvascular injury and was positively correlated 

with increased leukocyte retention in the lung. Apparently the low flow state caused a 
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greater number of the circulating leukocytes to adhere to the endothelium and express 

t~eir-injurious potential. This finding supported the hypothesis that ischemia-reperfusion 

injury in the lung is potentiated by low-flow states that increase leukocyte adherence to . 

the microvascular endothelium. 

One mechanism proposed to explain the increased adhesion at low flow rates is 

that decreased flow. rate leads to reduced washout of inflammatory mediators such . as 

leukotriene B4. Less leukotriene B4 washout leads to ·enhanced interaction between 

leukocytes and endothelial cells. This theory was studied in cat mesentery by intravital 

microscopy. Venular wall shear rate. was varied over a wide range by graded occlusion of 

the mesenteric artery · (~ienvenu, K., et al. 1992). The shear ~ate-~ependent leuko_cyte 

adhesion was prevented by pretreatment ·with either a leukotriene B4 at;ttagonist (SC-

41930) C?r a leukotriene synthesis inhibitor (1663,536). 

The above results along with the findings that lower blood flow rates allow for 

increased retention of P~ in the limg microvasculature suggest that higher flow .rates 

could reduce PMN retention in the lung. It follows ·that if fewer PMN are retained, fewer 

PMN are available to interact with endothelial· cells to initiate injury. Thus, I 

hypothesized that reducing PMN adherence by increasing blood flow rate would protect 

against PMA-induced lung injury. 

How both the magnitude and ·strength of PMN adherence may be modified by · 

hemodynamic factors in the presence of inflammatory .stimuli in vivo has not been 

extensively studied. Because much of the work involvi~g changes in blood flow rate and 

the effects on PMN adherence has been performed at low flow rates using cultured cells, 
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what occurs in vivo at physiological flow rates is unknown. In other words, how PMN 

respond to inflammatory stimuli at normal phyiological blood flow rates remains unclear. 

One way of addressi~g this question is to use the isolated. lung where blood flow can be 

easily vari~d and controlled. 

Notable advantages 9fusing the isolated lung are: 1) lung functions can be studied 

in the absence of systemic influences,. 2) endothelial function can be studied while the 

cells are bathed in. their natural milieu, 3) .pulmonary WBC sequestration can be assessed 

. . 

without interference from WBC ~equ~ster~d or released from other pools such as the bone 

marrow or other organs, 4) lung weight .changes and vascular pressures can be easily 

monitored, 5) techniqu~s such as vascular. occlusions and the Kr measurement can be 
. . ' ' ' ' 

easily applied,- and 6) blood flow rate ·can be easiiy varied and controlled. 

Some disadvantages or limitations of using the isolate~ lung are: 1) due to the 

multitude of different lung cells types, physiological and biochemical events cannot be 

ascribed to one specific cell type or intercellular interaction, 2) long-term studies cannot 

. be performed with this model, 3) even in lungs with stable baseline conditions and 

physiological variables within the normal range, activation of biochemical and metabolic 

pathways caused by the isolation and perfusion procedure·cannot be fully excluded, 4). the 

· technique of isolated lung perfusion implicates neural isolation, the impact of which on 

physiological, biochemical, and metabolic processes is hitherto not fully known (Seegar, 

W., et al., 1994). In my studies "low flow," i.e. 33% full recruitment, is greater than the 

resting blood flow to the left lower lobe,= 450 ml/min. This flow is still low relative·to 

the rate needed to fully recruit the left lower lobe,= 2.0 L/min (Orfanos, et al., 1997). 
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3. Protection against PMN-mediated injury· 

Various studies· have reported that _adeno.sine or P-adrenergic agonists are capable 

of reducing ·l~ukocyte adherence and providing protection against injury in cultured cells, 

isolated vascular beds and -in. vivo. An increase jn cAMP is thought to be mediating the 

protection and both P-adrenergic and adenosine A2 receptor stimulation elevate 

intracellular cAMP. In a sheep lung lymph preparation the P-adrenergic agonist, 

isoproterenol, attenuated. the increased protein and water fluxes produced by thrombin 

(Minnear, F.L., et al., 1986). The cAMP phosphodiesterase inhibitor, rolipram, reversed 

the increase in vascular permeability and edema associated with ischemia-reperfusion 

injury in the isolated rat lung (Barnard, J. W., et al., 1994). Pretreatment with adenosine, 

acting via A2 receptors, or isoproterenol blocked the increase in vascular permeability ·and 

slightly attenuated the increas~ in vascular resistance after PMA in the isolated qog lung 

(Adkins, W. K., et al., 1993). Adenosine also prevented increases in vascular 

permeability and resistance in--response to PMA in the rabbit lung (Bradley, J.D., et al., 

1991). Increasing intracellular cAMP has also been shown to alter the amount and 

organization of the PMN cytoskeletal microfilaments (Downey, G. P. et al., 1991). The· 

change in the PMN cytoskeleton increases cell deformability and reduces pulmonary 

retention ofPMN (Downey, G. P. et al., 1991). 

Pentoxifylline (PTX) has received attention as another agent reducing PMN-

dependent lung injury in a variety of animal models. PTX is a methylxanthine derivative 

that is used in the treatment of vascular insufficiency. . PTX reportedly improves blood 

flow in both the peripheral and cerebral vascular beds (Ward, A. and S.P. Clissold, 1987). 
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The hemorheologic : activity of PTX has been related to increased red blood cell 

flexibility, reduced red blood cell viscosity, increased RBC filterability, and increased 

capillary blood flow in several pathologic states (Ward, A. and S.P. Clissold, 1987). 

PTX was shown to improve blood flow in animals (Ohshima N. and Sato, N. 

1981) and humans {Accetto, B., 1.982). Flow improvement with PTX was attributed to' an 

improved deformability of red cells (Ehrly, A.M., 1979). However, less attention has · 

been given to the effects of PTX on leukocytes. It is recognized that PTX has inhibitory 

~ffects on PMN in vitro, and these effects are most marked when the PMN have been 

previously exposed to inflammatory cytokiries (Mandell, G.L., 1988) .. 

The effects of PTX on the filterability of leukocytes was determined from 

pressure measurements during passage of the cells at constant flow through a 

polycarbonate filter with pores of 5 J.lm (Schmalzer, E.A. and Chien, S., 1984). PTX 

significantly decreased the pressure required to push leukocytes through the filter. Since 

the degre~ of cell adhesion to the filters was similar for PTX and untreated leukocytes it 

suggests that cell adhesion was not the primary cause of the filtration difference. 

Electron microscopy suggests that PTX improves leukocyte ·filterability by reducing 

protopod formation. PMN protopods have been found to be more rigid than the rest of 

the cell (Schmid-Schonbein, G.A., 1981) and were evident in the control cells but absent 

in PTX-treated cells. 

The ability of PTX to increase the deformability and filterability of PMN was also 

studied in a model c~pillary system~ In this system the effect of PTX on the flow of 

individual PMN was determined by aspirating individual PMN at constant pressure into a 



17 

single pore of known geometry using a micropipet technique (Armstrong, M.D., et al., 

1990). As the cell approached the pipette, the morphometry of each cell was observed 

using a micro~cope interfaced with a videocamera and videocassette re~order. PTX 

treatment significantly reduc.ed the frequency of pseudopod formation and the time . for 

PMN aspiration. This study was the first direct demonstration of increased d~formability 

in PMN treated with PTX and suggested that increasing PMN deformability may reduce 

sequestration in capillaries and provide some protection to the microvasculature from 

injury. 

It has also been suggested that PTX suppresses PMN activation by increasing 

intracellular cAMP. In a study designed to examine the effects of PTX on granulocyte 

and platelet function, PTX was found to elevate in~racellular cAMP in stimulated PMN 

(Hammerschmidt, D. E., et al., 1988). The cAMP elevating effect of xanthines is due to 

inhibition of phosphodiesterase. As paJ:t.of the same study these· authors found PTX only 

slightly more potent than theophylline in elevating cAMP, but theophylline failed to 

inhibit PMN priming by platelet activating factor as· measured by sup~roxide production. 

Therefore inhibition of phosphodiesterase :Which results in an increase in_ cAMP does not 

entirely explain the pharmacologic action of PTX. In other studies the effect of PTX on 
.· . ' . . . 

the phagocytic activity, cAMP levels· arid :superoxide. anion ·production ·-by PMN w~ 

examined. PTX inhibited the phagocytosis of latex particles in a dose-dependent manner 

' ' 

(Bessler, H., et al., 1986). PTX also elevated intracellular levels of cAMP and reduced 

superoxide anion . production that accompanies phagocytosis. It is suggested . that_ 

in~reased intracellular .cAMP might serve as a signal for cells to stop phagocytosis, 
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replenish energy stores and restore the ·surface membrane (Cox, J.P., and Karnovksy, · 

M.L., 1973). Others contend that the decrease in superoxide anion production following 

PMN incubation with PTX is secondary to the inhibition of phagocytosis itself (Bessler, 

H., et al., 1986). This finding suggests that some of the effects ofPTX on PMN function 

involve the ability <?fPTX to increase intracellular cAMP. 

The ability of PTX to reduce lung injury in some models may be due to one or 

more of its known effects on PMN or other circulating cells. In vitro PTX decreases 

PMN adherence to pulmonary endothelial cells~ PMN aggregation, and o~idant 

production by stimulated PMN (Samalaska and Winfield, 1994 ). The ability of PTX to 

reduce lung injury in animal models may also be due to undefined effects of PTX. 

The isolated,. perfused rat lung· injured with PMA was used to investigate the 

potential of PTX to directly reduce PMN.;.mediated lung irijury (McDonald, R., 1991). 
" . 

PTX did not reduce ·lung retention of isolated human PMN as determmed by infusion of 

111In-labeled PMN. before PMA treatment. After two hours of perfusion, lungs were 

harvested and counted in a gamma counter. The percentage of total infused counts 

remaining in the lung ·Was used to determine the percentage of PMN retained by the lung. 

PTX did not reduce the retention of PMN in the lung. PTX pretreatment of the ·perfusate 

reduced the increase in total lung weight and lung-to-body weight ratio after PMA 

whether or not PMN .were preincubated in PTX prior to infusion into the lung. The 

presence of PTX, whether in the perfusate or used in pretreatment of PMN, did not 

prevent increases in pulmonary artery pressure after PMA. 
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PTX (2mM) significantly reduced both superoxide anion and hydrogen peroxide 

productio~ in vitro from PMA-stimulated PMN (McDonald, R., 1991). Inhibition 

occurred when PTX was added dire~tly . to incubation mixtures consisting of Hanks 

balanced salt solution, 1% serum, linM sodium azide, and PMA, but not when PMN 

were preincubated with PTX and washed. The author postulated that PTX reduced PMN 

oxidant production and PMN-dependent lung injury as assessed by lung weight changes, 

but that the PTX protection was unrelated to red:Uced retention of PMN. 

In contrast, other stu4ies have shown that PTX provid~s. protection from lung 

injury by decreasing PMN sequestration. PMN sequestration was studied in anesthetized 

dogs receiving 4 Jlg/ml of endotoxin after pretreatment with either saline or PTX (Welsh, 

· C.-H., et al., l988). PTX was administered as a 20mg/kg bolus intravenously over ten 

minutes followed by a 0.1 mg·kg-l.min-1 constant infusion in normal saline. The 

endotoxin did not change pulmonary artery pressure, pulmonary capillary wedge pressure 

or systemic artery pressure but was associated with a Circulating neutropenia one hour 

after administration that persisted for four hours. PTX prevented t~e decrease in PMN 

counts at one hour post end~toxin and decreased the sequestration of radiolabeled, 

isolated PMN. PTX also attenuated the increase in protein leak and extravascular protein 

accumulation to endotoxin. While endotoxin treated lungs exhibited interstitial edema 

along with an increase in the number of neutrophils present, PTX pretreatment attenuated 

both. In the isolated rat lung, PTX pretreatment reduced the increase. in lung. 

microvascular permeability after ischemia-reperfusion (Reignier, J., et ai., 1994). This · 
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effect was associated with a decrease in lung PMN sequestration as assessed by lung 

myeloperoxidase (MPO) activity. 

Lung PMN sequestration is thought to play. a key role in ischemia reperfusion 

injury. Thus the effe~t of PTX on endothelial dysfunction after lung reperfusion injury 

was studied in the rabbit (Normandin. L., 1995). Pulmonary arterial rings obtained after 

\ 

reperfusiori showed significant reductions in endothelium-dependent relaxation to 

acetylcholine. Adding PTX to the reservoir prior to reperfusion preserved the relaxant 

responses of pulmonary artery rings to acetylcholine. The authors concluded that PTX 

decreases PMN sequestration, activation and free radical production. Free radicals 

produced during ischemia reperfusion could increase breakdown of endothelium-derived 

relaxing factor/NO. This would help explain the depressed endothelium-dependent 

relaxation observed after reperfusion of ischemic lungs (Normandin. L., 1995). A 

reduction in free radical formation may maintain nitric oxide availability and help 

preserve endothelial functional integrity. In summary, the above studies support the 

theory that PTX reduces PMN sequestration and activation to diminish injury to the 

· endothelium and thereby preserve lung function. 

Other studies have suggested that the protective effects of PTX are unrelated to 

the prevention of PMN sequestration, but by protecting endothelial cells through blocking 

formation of mediators that enhance injury. Rabbits were used to study whether PTX 

prevented changes in PMN kinetics induced by treatment with complement or if PTX 

affected PMN emigration induced by Streptococcus pneumoniae (Andres, D. W., et al., 

1995): Circulating PMN counts were measured in arterial and venous blood samples 
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across the lung and PMN emigration was quantitated morphometrically. PTX did not 

significantly alter the number of circulating PMN counts before infusion of zymosan

activated plasma (ZAP). In addition PTX did not inhibit the ZAP-induced neutropenia, 

the arteriovenous difference in neutrophil counts or the recovery after infusion of ZAP. 

PTX caused a significant increase in the number of circulating PMN three and four hoUrs 

after S. pneumoniae, while PTX alone resulted in no increase in circulating PMN over the 

four hour time period. Morever, PTX failed to prevent PMN sequestration within the 

pulmonary microvasculature in response to ZAP. By comparing PMN counts in central 

arterial and venous blood samples the authors also concluded that PTX did not alter the 

release of PMN from the bone marrow. Although arterial PMN counts remained low 

throughout the ZAP infusion period, the venous PMN counts began to increase seven 

minutes after ZAP infusion indicating that PMN were released from a peripheral pool, 

most likely located in the bone marrow. From histological sections the authors reported 

that PTX had no effect on PMN deformability or emigration into the alveolar space. 

They concluded that PTX ·does not protect against lung injury by inhibiting PMN 

sequestration_ or emigration but probably by altering t~e generation of mediators that 

affect .PMN fuflctioning. 

Leukocyte contribution to disease states is of interest because WBC are normally 

present to protect the body against foreign invaders whereas in some cases, such as 

ARDS, WBC may.pr~voke inj~. The relationshlp between.the rate of blood flow and 

the ability of PMN to sequester and ultimately adhere and migrate across the endothelium 

is an important one. The conclusions drawn by most studies is that lower shear stress 
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associated with lower blood flow rate tends to enhance the adherence of leukocytes to the 

endothelial cells. On the other hand, how blood flow rate alters. leukocyte adherence and 

endothelial cell injury has not been thoroughly investigated. Recent reviews of 

leukocyte-endothelial interact_ions acknowledge that numerous studies have examined the 

adherence of isolated PMN to artificiaJ substrates. With the recent advent of methods to 

.. 
culture endothelial· cells in vitro, · it has been possible to examine also the role. of the 

endoth.elium in PMN adherence.~· ·H9wever, a major concem_
0 

in these studies is ·that 
•.1 .~ 

cultured endothelial cells may. not respond· like intact ~ndothelium .. Also, cells cultured 

from large vessels, most often used in ~he studies,. may not be the approprhtte substrate, 

since PMN adherence .in pulmonary. inflammation occurs primarily in the 

l microcirculation (Harlan. J. M., 1985). ~other approach is to study the direct effects of 

bl9od flow rate.on. PMN·adherence and.PMN-mediated injury in. the isolated lung where 

blood. flow rate is controlled and systemic .influences are eliminated. This is the approach 

·that has been used in the present study. · 



MATERIALS AND METHODS 

A. Chemicals: Phorbol myristate acetate, superoxide dismutase, cytochrome c, 

. . . 
pentoxifylline, and dimethyls:ulfoxide were purchased from Sigma Chemical Co. (St. 

Louis, MO); Veti Stain was purchased ,from Kacey Inc. (Hendersonville, NC); 

isoproterenol was :purchased from _Elkins-Sinn Inc. (Cherry Hill, NJ); 
51 

Chromium was 
- - ' 

purchased from ICN Radiochemicals (Irvine, CA); Cyclic AMP e25I] Biotrak assay 

system was purchased from Amers~am. Corporation (Arlington Heights, IL ); and 

Unopette system was purchased from Becton Dickinson and Co. (Franklin Lakes, NJ). 

B. Canine lung lobe prtmaration 

1. Sur~ical isolation of the lung: Lobes were obtained from mongrel dogs 

anesthetized with 30 mglkg sodium pentobarbital and ventilated with 02 enriched air. 

The left chest was entered through the fifth intercostal space and loose ligatures were 

placed around the artery and bronchus to the left lower lung lobe. Heparin in a dose of 

10,000 U was given via a femoral vein and an additional1000 (J was added to each 100 

ml of blood collected to fill the perfusion system. Immediately after exsangination, the 

branch of the pulmonary artery supplying the left lung was ligated and the left lower lung 

lobe removed and_weighed. 

23 
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2. Perfusion of the isolated lung: . The lobar artery was cannulated with the 

recirculating perfusio_n system filled and roller pump (Sarns Model PIN 206944, Sarns 

3M Health Care, Ann ~bor, MI) operating. The lung was placed in a plastic bag to 

I 

prevent desiccation and placed on a Harvard trip balance (Figure 1 ). The airway ~d 

perfusion catheter·positions were fixed by clamping for the entire experiment. Blood was 

warmed by a thermostatically controlled water jacketed plastic reservoir. After leaving 

the reservoir the blood passed through a bubble trap (Pall Stat Prime Blood Filter, 

SP3840, Pall Biomedical, Inc., Fajardo, Puerto Rico) placed in front of the roller pump 

before entering the lobe through the arterial cannula. Blood passively drained from the 

. lobe. into a venous reservoir. The lobe was continuously ventilated via a bronchial 

cannula attached to a respirator. Ventilation was with humidifie4 room air to which 5% 
. . 

C02 was added. T~e ·ventilatory rate was 10 breaths/min and tidal volume was adjusted 

to provide ·a peak inspiratory pressure of 10-12 em H20 and end expiratory pressure of 

2.5 em H20. Pressures and lobe weight changes were continuously recorded on a 

polygraph (Grass Model 7D, Grass Instrument, Division of Astro-Med, Inc., West 

Warwick, RI). Lobe weight change was monitored using a force transducer (Grass 

FT03C, Grass Instrument, Division of Astro-Med, Inc., West Warwick~ RI) attached to 

the trip balance. Airway pressure was measured from a transducer (Gould P23ID, Gould 

Instrument Systems, Inc., Valley View, OH) attached to the b~onchial cannula. 

Pulmonary artery pressure (Pa) and. venous pressure (Pv) were monitored from holes 

drilled 5 mm from the closed-tip of hollow, 20 gauge stainless steel tubes to minimize 
. - . : . 



.( Figure 1: Diagram of the isolated lobe in the recirculating perfusion system. 
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blood flow velocity effects on the recorded pressures. Each steel tube was inserted into 

the lumen and advanced to the vascular end of the arterial and venous catheter. Pressures 

were referenced to the top of the lobe. Blood temperature was maintained at 37° C. 

Bloos samples were obtained from the venous cannula for blood gases and pH 

measurements (AVL 945, AVL Scientific Corp., Roswell, GA). Sodium bicarbonate was 

adde_d to the venous reservoir as needed to maintain pH at normal levels. 

C. Measurement of Microvascular Permeability: The Starling equation includes 

terms related to permeability of the capillary to water and protein. Jv=Kr[(Pc-Pt)- cr (nc 

~ nt)] where, respectively, Pc and Pt are_ capillary and interstitial fluid pressure and nc and 

7tt are plasma and interstitial fluid colloid osmotic press~e~ Jv.is transvascular fluid flux, 

and cr reflects· vascular permeability to plasma proteins. This equation was first used to 

describe the movement of fluid across the pu~onary microcirculation·· in 1967 (Gaar, 

K.A. et al., 1967). Kf, the capillary filtration coefficient, is the product of the hydraulic 

conductance of the membrane and surface area and describes the ease of water movement 

across. the microvascular wall. Kr is defined as the amount· of. fluid (ml/min) filtering 

across the pulmonary capillary wall for a unit change in pressure (usually in cmH20 or 

mmHg units), per unit time (usually minutes) and per 100 g of tissue (Taylor, A.E~, et al., 

1991). 

_Kf Calculation: The Kr is calculated using a gravimetric technique deve~oped 

for measuring transvascular fluid filtration in isolated lungs (Drake, R., et al., 1978 and 

Gaar, K. et al., 1967). The lung lobe is removed from the body and perfused with 
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homologous blood with the use of an extracorporeal circuit. After the lobe is 

isogravimetric, i.e. neither gaining nor losing weight, venous pressure is elevated and the 
' . 

resulting weight increase is recotded. The initial rapid weigh{ gain during the first one to 

.three minutes is normally attributed to intravascular filling, whereas the continued slower 

weight gain is attributed to fluid filtration into the extravascular space (Harris, N. R., et 

al., 1992). 

Kr is obtained by the constant slope method (Gaar, K.A., et al., 1967). During 

baseline conditions the lobe is maintained in a isogravimetric state by holding venous 

pressure at = 5 em H20. In isolated lobe preparations the lymphatic drainage .1s 

interrupted so no net filtration occurs during isogravimetric conditions (Hancock, B.J. et 

al., 1989). Venous pressure is then increased by tightening a screw clamp on the venous 

cailnula to elevate capillary pressure resulting in fluid filtration. The increase in the rate 

of weight gain during the first three minutes after pressure elevation is due to vascular 

volume increases after which rate of weig~t gain becomes constant. Rate of weight gain 

is obtained from the weight trace obtained after the first three minutes by dividing change . 

in weight by change in time. Kf is equal to the difference between rates of weight gain at 

. baseline and elevated pressure divided by change in capillary pressure and is normalized 

to IOOg wet lung weight. Kris expressed as ml'min-t.mmHg-t.lOOg-1
• 

My data (n=44) ·showed that the elevation of venous pressure during the Kf · 

measurement did not alter the circulating white blood cell count ([WBC]) in my system. 
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The WBC count before and after venous pressure elevation was 1377±190 vs 1452±184 

cells/f.1L respectively. This stability in cell counts enables me to effectively use Kf as an 

index of injury in these experiments while still mqnitoring [WBC]. 

D. Capillary Pressure Measurement: Capillary pressure must be measured or 

estimated in order to calculate Kr values. I obtained capillary pressure by the double 

occlusion technique before and duririg venous pressure elevation. Arterial and venous 

cannulas were simultaneously occluded for · < 2 seconds at end-expiration. During 

simultaneous occlusion of the outflow and inflow catheters, Pa and Pv rapidly equilibrate 

to double vascular occlusion pressure (Pdo ). Pdo has been shown to be an accurate 

estimate of average microvascular pressure at the filtering midpoint of the lung 

(Townsley, M.l., et al., 1986). Pdo is expressed in cmH20. 

The doubl~ occlusion technique has been shown to have advantages over other 

techniques for measuring capillary pressures. The capillary pressure can be accurately 

deterniined within a few seconds using this technique instead of the 15-30 minutes 

required for the isogravimetric or filtration methods (Townsley, M.l., et al., 1986). The 

double vascular occlusion technique can also be used to measure the effective filtration 

pressure even when the organ is not isogravimetric (Korthuis, R.J. , et al., 1984). 

E. Blood Flow Measurements: Flow rates were determined by timed collection-of 

outflow from the perfusion system. All experiments were conducted under constant flow 

conditions with the flow rate preset on the perfusion pump. 

F. cAMP Radioimmunoassay: "Blood was collected and centrifuged to remove 

cells and the plasma "Yas stored at -15° C to -30°C prior to analysis. Assay buffer and 
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standards ranging from 25-1 qOOfinol were prepared (obtained from kit purchased from 

. . - ' 

Amersham). P9lypropylene tubes were labeled in duplicate for total .. counts {TC), zero 

. standard tubes (B0), standards and samples. 1 OOJ.Ll of assay buffer was pi petted into the 

zero standard tubes (B0). Starting wi~ the most dilute, 1 OOJ.Ll of each standard was 

pi petted into the app~opraitely labele~. tubes. 1 OOJ.Ll .of the unkown sample was pipetted 
. . ' . ~ . 

. . . . 

into appropriatley.labeled tubes. 1 OOJ.Ll of rt25I] cAMP was pi petted into each tube .. 1 OOJ.Ll 

of antiserum· was pipetted into all tubes except the TC. All tubes were vortexed, covered 

with plastic film and incubated for three hours at 2-8°C. The bottle containi~g Amerlex-

M second antibody ·reagent was gently shaken to ensure a homogenous suspension. 

SOOJ.Ll of this reagent was added to each tube except the TC. The TC tubes were 

stoppered' and put aside for counting. All remaining tubes were vortexed throughly and ' 

incubateq for ten 'minutes at room temperature. The antibody bound fraction was 

separated by centrifuging all tubes for 10 minutes at 1500g or _greater. After 

. centrifugation the supernatant was discarded. The radioactivity in the pellet was then 

counted in a gamma counter. Data was calculated by dividing the zero standard by the 

total counts and multiplying by 100. Then the% bound for each sample was found and a 

standard clirve was generated. Data from the samples were then plotted on the curve and 

related in picograms per ml of plasma. . 

G. WBC Counts and Differentiation: WBC counts and differentials were made to 

determine the circulating WBC concentration and the percentage of the various types of 

circulating leukocytes. To obtain WBC counts, blood samples were collected and diluted 

using the Unopette System. During this dilution RBC were lysed. Duplicate WBC 

' \ 
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counts on each sample were made using a hemacytometer and light microscope. Counts 

were performed on blood samples obtained from the plastic cylinder used to collect the 

blood from the dog. After the start of perfusion_ blood samples were collected from the 

perfusion system at 30 and 60 minutes. Additional samples were collected at tp.e 

' . 
appropriate pre and post intervention time points according to the experimental protocol. 

White blood cell differentiation was done manually on blood smears fixed and stained 

with Veti-Stain. A minimum of 100 WBC were identified on each sample and -the 

proportion of each type of cell was determined. 

H. Preparation of neutrophils (PMN) : PMN were isolated and radiolabeled so 

they could be injected into the loBe and their sequestration quantitated. 

1. Isolation of PMN: Fifty ml of blood was drawn from the jugular vein ·of the 

dog into sterile vacutainer blood collection tubes contai~g EDT A. and the blood was 

allowed to reach room temperature. Hanks Balanced Salt Solution (HBSS) with ca+2 

and Mg+2 and HBSS without ca+2 were pr~pared, treated with Pen Strep and. the pH 

was adjusted to 7.4. PMN were isolated in ne11trophil isolation medium (NIM). NIM 

solution was inverted several times and 25 ml were placed· into each of two 
. . 

polypropylene test tubes. 25 ml of :blood. was_ then layered onto the NIM in each tube 
. ":, ' .. . 

with care taken not to mix the blood··.and NIM layers. The tubes were capped and 

centrifuged for 45 .min at 2800 rpm and 24° c.· After ce~trifugation the plasma and. the 

layer containing monocytes and· eo~inophil~ ·~er~ aspirated and discarded. . The PMN 

band and remaining NIM was combined and transferred to four 50 ml polypropylene test 

tubes. The cells were resuspended in HBSS with ca+2 and Mg+2 and centrifuged for 10 



mtn. The HBSS was aspirated without disturbing the PMN pellet. The pellets were 

dissolved in 6 ml of filtered lysing buffer (E-Lyse) to lyse RBC. This mixture was then 

centrifuged for 10 min. The buffer was aspirated and the pellet resuspended in 10 ml of 

HBSS (without ca+2) and mixed·. AlOO J.ll aliquot was removed and diluted and cells 

were counted on a hemacytometer. The resuspended pellet was centrifuged for 10 min. 

The buffer was aspirated without disturbing the cells. 

2. Radiolabeling of isolated PMN: PMN were radio labeled by using 500 JJ.Ci of 

51cr per 108 PMN. The pellet was resuspended in the volume ofHBSS (without ca+2) 

sufficent to dilute the cells to 0.6X108 cells/ml and vortexed. This mixture was 

incubated for 45 min at 37°C. After incubatio·n the total volume of the mixture was· 

recorded before centrifugation for 10 min. The radioactivity of a 1 OOf.ll aliquot of the 

supernatant was counted in a gamma counter and the value obtained used to calculate the 

total radioactivity of the mixture. The supernatant was discarded and the pellet 

resuspended by washing in 15 ml HBSS (without ca+2). After mixing the_ supernatant 

was aspirated an;d HBSS .(withoutca+2) was.-~dded to :bring. the volume containing the 
. . 

pellet to 1._Q ml. ·. After the pellet was mixed a 10 f.lL aliquot was removed and counted in 

a g~a counter for calculationofradioactivity of the isolated PMN. 

I. Cytochrome C assay for PMN superoxide anion generation: Superoxide anion 

generation was: measured to" test for PMN activation after. the Isolation and radio labeling 

procedures. Superoxide anion generation was determined using the superoxide 
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dismutase-inhibitable· reduction of ferricytochrome c to ferrocytochrome c (Babior, B.M., 

1978). Cytochrome c solution was prepared by adding 9.9 mg horse heart cytochrome c 

to 20 .ml of filtered HBSS containing ca+2 and Mg+2. NaHC03 (0.04g) was added and 

the pH adjusted to 7.4. Four ml of cytochrome c solution was added to 4xl06 PMN set. 

aside during the isolation and radio~abeling proc~_dure. The mixture was mixed and 

. . . 

divided into 4 test tubes. PMA (10 ng) and/or 100,units. of superoxide dismutase were 

added to the.· tubes .. in the following combinations: 1) cytochrome c.+ PMN, 2) 

cytochrome c + PMN + PMA, 3) cytochrome· c + PMN + superoxide dismutase, 4) 
' ' 

' . 

cytochrome c + PMN + PMA + superoxide' dismutase. An additional test tube contained 

cytocW:ome c + super~xide disiTiutase. · Th~·.:tube.s :·were capped, mixed. and incubated for 

30 min at 3 7°C. After incubation the tubes were centrifuged for .5 min at 1000 rpm and 

24 °C. ·The supernatant from each tube was transferred to a cuvette and the absorbance at 

A.=550 nm was measured using a. spectrophotometer. Dividing the difference in 

absorbance of the sample with and without superoxide· dismutase by the extinction 
I , 

coefficient for the change in ferricytochrome c to ferrocytochrome c (Essonm = 21.1 mM-

1cm-1)·yielded the amount of superoxide anion released (Basford, et al., 1990). Results 

were expressed as nmol 0 2.- per million PMN. 

J. ilcr-PMN Sequestration Measurements: To quantify' PMN sequestration, 51 Cr-

. PMN were injected into the arterial catheter of the isolated lung and allowed to circulate. 

Lungs were treated with either PMA or vehicle immediately after PMN were introduced. 
\ 

Perfusion continued for 30 minutes before arterial and venous blood samples were 
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obtained (1 ml). The inflow and outflow catheters were then simultaneously clamped 

close to the lung trapping the blood prese.nt in the lung. The perfusion pump was shut off 

at the time the catheters were clamped. The vessels were tied 'and the lung was connected 

to an air jet and allowed to dry to a constant weight. When a constant weight was 

reached the bronchus was cut away and the lung was reweighed for an accurate ·dry 

weight. The lung was then homogelllzed in 450 ml of deionized water and 4 ml aliquots 
·' . ' · .. 

of the hqmogenate were placed into each of five test tubes. These samples, the n~edle 
. . 

used for the 51Cr-PMN injection, and the ~lood samples were counted for radioactivity in 

the gamma counter. The average value of the five aliquots was used to calculate the total 

radioactive counts cont~ined in the homogenate. . Calculations were performed to 

determine the number of PMN sequestered. In this study PMN sequestration is defmed 

as an excess of 51 Cr-PMN in the lung relative to that expected if the lung blood volume 

contained only the circulating concentration of 51Cr-PMN. The following formulas show 

three ways in which PMN sequestration was normalized. 

1) Lung blood counts I Average blood counts = Total 51 Cr counts in lung blood volume 

normalized to average blood 51 Cr counts per mi. 

51 Cr counts in lung blood volume/ · 

[(51 Cr. counts in venous blood post PMA + 51 Cr counts in arterial blood post PMA) /2] 

2) Lung blood counts/ gram dry lung I average blood counts = Total 51 Cr counts in lung 

blood volume normalized to both dry l~g weight and averag~ blood· 51 Cr counts per ml~ 



(51 Crcount~ in- hmgblood volUme/ dry lringw~ight) I 
[(51cr counts in venous blood +.51 Cr counts in arterial blood) I 2] 
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3) (Lung tissue +lung blood total counts) I average blood counts= Total 51 Cr counts in 

lung ·homogenate nonpalized to average blood 51 Cr counts. 

Total 51 Cr ~ounts of lung homogenate I 
[(51 Cr counts venous blood+ 51 Cr counts arterial blood /2)] 

K. Endothelial an~iotensin converting enzyme (ACE) activity assay: 

Angiotensin converting enzyme (ACE) is a pulmonary endothelial ectoenzyme 

that is uniformly distributed along the luminal pulmonary endothelial surface (Ryan~ et 

al., 1976). ACE functions in the conversion of angiotensin I to angiotensin II, a pressor, 

and the deactivation of bradykinin, an edemogenic agent and a potent v~sodilator, in the 

lung. Since this enzyme· is present throughout the pulmonary vasculature, ACE activity 

can be monitored to assess the functioriof the entire pulmonary vasculature. -

Studies to date have shoWn. that endothelial metabolic functions are al~ered during 

pulmonary injury (McCormick, J.R., et al., 1987 and Catravas, J.D., eta!'.; 1988). This 

altered enzyme function could serve as a sensitive ~arker of endothelial injury since the 

pulmonary ectoerizynie dysfunction occurred before morphological changes could be 

seen at the microscopic level (Doubler, K.J., et al., 1982. and Catravas, J.D., et al., 1983). 

Developing a method to detect endothelial damage before morphological changes occur 

may prove to be extremely beneficial in-.clinical practice. 

The synthetic ACE·: substrate~·. 3H~Benzoyl-Ph~-Ala-Pr~·· (3H-BP AP), IS 80% 

metabolized during a single transpulmonary passage through the isolated canine lung lobe 
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. . 

in a fashion very similar to that in the rabbit (Orfanos, et al., 1997). Since. dog blood 

contains vel)' little ACE (about 1/100 relative to membrane-bound endothelial ACE) 

there is little, if any metabolism of BP AP by plasma ACE during a single transpulmonary 
} 

passage (Orfanos, et al., 1997). 

For determination of ACE activity, we injected trace amounts of 3H-BPAP to 

produce first order reaction conditions in the pulmonary circulation. In a typical 

determination, the injectate consisted of a mixture (0.9 ml) of indocyanine green, (CG, 

0.2 mg), and 3H-BPAP, 2 J!Ci (20 Cilmmol), and was injected into the pulmonary arterial 

cannula and flushed with 1 ml saline. Simultaneously, a peristaltic pump withdrew blood 

(30 ml/min) from the venous catheter into an automated fraction collector containing 

13x7? mm borosilicate tubes ~dvancing at the rate of one tube per 0.6 s. (0.3 

ml/blood/tube). Blood was collected into normal saline containing 1 mM captopril to 

prevent further metabolism of3H-BPAP by ACE. 

After collection, each tube was mixed by inversion and centrifuged at 3000 rpm 

for 10 min to separate the red blood cells. A supernatant aliquot (0.5 ml) was transferred 
\. 

to 7 ml polyethylene scintillation vials. and "total" 3H radioactivity was measured in a 

liquid scintillation spectrophotometer in the presence of 6 ml Hydrofluor. Another 0.5 ml· 

supernatant aliquot was transferred to 7 ml scintillation vials containing 2.5 1n:l 0.11 N 

HCl, 3 ml 0.4% omnifluor in toluene. was .added and radioactivity was measured in a 

scintillation spectrophotometer. This results ·1n the extraction of 61.% of the 3H-BP AP· 
' 

~etabolite;~·3H-Benzoyl-Phe (3H-BPhe),.andless than 8% of the parent compound, 3H-

' I 
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BP AP, into the organic (counting) phase. In addition to these samples five standard tubes 

were prepared containing 1 mM captopril, 0.02 ml of the radiolabeled indicator mixture 

and 0.3 ml blood that was drawn before isotope administration. These standards were 

used to calculate the amourit of radioactivity administered. Dilution factors (hematocrit 

(H) variable) were calculated as follows: 

radioisotope volume injected 0.9ml 

radioisotope volume in standards 0.02 ml. 

blood volume in standards 0.3 ml 

diluent volume in standards 4.0 nil 

volume of standards counted 0.5 ml . 
_: :·· .. 

dilution factor= [(4 m1 + 0.3*(1-H) nil+ 0.02 ml)/0.5 ml] * 0.9ml/0.02 ml 

For example, ·if hematocrit (H) is 0.4, (40%), then the dilution factor 'is 378. The 

correction factor necessary to express dpm per· mini vial to dpm per ml blood in the 

samples is calculated as: 

blood volume in samples · 0.3 ml 

diluent volume in samples 4.0ml 

volume of sample counted 0.5ml 

correc~ion factor= [(4 ·ml + 0.3*(1-H) ml/0.5 ml] * 1 ml/0.3 ml 

Thus, for H = 0 .. 4, the correction factor for total3H samples in 27.87. 

To assure that . the isotope remains within the vasculature during a single 

transpulmonary passage, removal (R) with respect to CG was calculated as: R = (FCco -

FCJ) I F_C CG where FC. refers to the fractional concentration of CG or isotope (I; 3H) in 
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the effluent blood and computed as (dpm of isotope per ml blood) I (total dpm injected) · 

and (mg of CG per ml blood) I (total mg CG inje·cted). R values are calculated and inte-

grated over all of the samples collected during a single transpulmonary passage. Our data 

indicate no removal of substrate or product from the circulation during a single passage 

and the cardiogreen and total 3H curves are superimposed. Thus 3H is a suitable 

reference tracer. 

Percent -metabolism of 3H-BPAP in each sample as well as total metabolism 

during a single pass were calculated as the ratio of product (3H-BPhe) to total 3H with 

app~oprlate corrections for recovery, parent spill and instrument efficiency. Each 

determination provides 7-11 usab~:e · sample·- points in the arterial ·effluent curve 

representing 7-11 different substrate con~entrations; these substrate ~oncentrations are 
. . 

itsed to-~alculate apparent Michaelis-Me~t~n kinetic constants of lung ACE for 3H-BPAP 

during isolated perfusion. Thus there are approximately 7-11 points employed in each 

estimation of constants .. Only points representing greater than 10% substrate metabolism 

and radioactivity at least 10 times greater than background are used. The method 

represents an application of the integrated form of the _Henri-Michaelis-Menten equation. 

The· usage of the form of the equation is chosen because of the high degree of substrate 

utilization (10-80%) necessary in our studies. Consequently we are not measuring-initial 

reaction velocities, but rather changes in substrate concentration over a time interval 

( -d[S]Idt)~ where [SJ is substrate concentration. 
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Under first order reaction conditions; where· the substrate concentration [S] is 

much lower than the. Km of the enzyme for th~ substrate, the Henri - Michaelis - Menten 

equation can be presented as: 

-d[S]/dt = v = V maX * [S] I Km, (1) 

with. [S] = substrate . concentration, v = transpuh!lonary utilization of ·BP AP , V max = 

maximal velocity of enzymatic reaction, and Km =the Michaelis-Menten constant. 

Because of the minimal contribution of the extracapillary enzyme to substrate 

conversion during a single transpulmonary passage, the reaction time is closely 

approximated by mean capillary transit time, tc. Thus integrating Eq. 1 from tinie = 0 to 

tc and from [S0 ] to [S] the equation can be rearranged to:· 

V max *tc /K~ = ln([S0]/[S]) (2) 

For the intact organ,' [S0], initial substrate concentration, and [S], final substrate 

concentration, can· be calculated utilizing indicator-dilution experiments as described, but 

simultaneous repetitive estimations of tc are still.not feasible. To overcome this and . 

because Vmax = kcat * [E], Catravas and White, defined Vmax (mol*ml-1*min-1) as 

Amax (mol*min-1)/Qc (ml). i.e., the ratio of the total enzyme mass of the organ (Amax) 

to the capillary pl~sma volume (Qc), with [E] and kcat being the capillary, enzyme 

concentration and catalytic rate constant, respectively (Catravas andWhite, 1984). Thus, 

Vmax*tc = Amax*tc/Qc and since Qcltc = flc (capillary plasma flow) and flc = Q 

(pulmonary plasma flow), V max *tc = Amaxl Q and Eq. 2 becomes 
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(3} 

thus: Amax1Km·= E * (kcat1Km) = Q (ln([S0 ]/[S]) (4) 

When . pulmonary blood flow remains. constant Amax1Km is a measure of the . catalytic 

properties of the enzyme. Both we and others have shown that AmaxiKm is decrease~ in 

response to. lung hijury (McCl~ud, L.L. et al., 1997~ Chen, X. and J.D. Catravas, 1992, 

.McCormick, J.R., et al., 1987, .and Myers, C.L. and· B.R. Pitt, 1988). Amax1Km is 

expressed as ml/min. 

!.Requirements and Critique of Indicator-Dilution Technique 

Valid application of· this technique requires: A) rapid~ Ipixing in blood and 

Uniform distribution of both the test and reference tracers during a· single passage through 

the vascular bed. This condition is satisfied by a short mixing chamber positioned just 

prior to entry of the arterial cannula into the lung. B) Plasma binding of tracers must be 

low or taken into account in calculation of data. C) After successive injection of 

isotopes, blood b~ckground radioactivity tends to rise which is reflected in the 

radioactivity of 3H of these samples which is subtracted from subsequent samples. D) 

Km and Amax reflect "apparent" Km and Amax primarily since these experiments are not 

dealing with a purified ·enzyme under controlled in vitro conditions. Nevertheless, the . . 

substrate chosen is specific for the enzyme under study. 

L. ·Experimental design: 

· Slcr-PMN.protocol: In these experiments radiolabled PMN were injected iD:to 

the lung to quantitate PMN sequestration in response to PMA injury at different blood· 
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. flows (Figure 2). PMN sequestration was assessed to determine whether higher perfusion 

rates prevent _PMN sequestration and provide protection against PMN-mediated lung 

injury. Lung lobes· were obtained from the dog and cannulated as previously described~ 

Lobes were perfused at 0.6L/min (LF) or 1.2L/min (HF) and ventilated with room air to 

which 5% C02 was added. Lobes were divided into four groups: LF PMA. (n=8), .LF 

. Control (n=6), HF PMA (n=6) orHF Control (n=6). Pulmonary artery, vein and airway 

pressures were·measured. Lobe weight was· also monitored. Initial, 30. min and 60 min 

WBC counts and differentials were performed during the equlibration period. Upon 

reaching an isogravimetric state Kf and ACE ~ctivity measures were obtained. Isolated 

51cr-PMN were injected into the lung via the arterial catheter and 0.3 ml samples 'Yere 

collected every O.Olmin using a fraction collector to determine the frrst pass uptake ofthe 

labeled PMN. A blood sample for WBC count was withdrawn from the venous catheter 

and PMA (fo-7M) or DMSO (PMA vehicle) was .immediately added to the venous 

reservoir and all owe~ to circulate for 30 min- at which time WBC counts, Kf and ACE 

activity measurements were repeated. Tissue was harvested at 45 min· after PMA/DMSO 

and air dried to a constant weig4t before .homogenization and measurement of 

radioactivity in a gamma counter. Calculations were performed to assess PMN 

sequestration. 

ISO protocol: The ability of ISO to provide protection against PMA-induced lung 

injury was determined at low and high blood flow rates (Figure 3). Other studies have 

shown ISO to protect against PMA injury at low flow. Whether increasing blood flow 



Figure 2: Diagram of51Cr-PMN experimental protocol. 



51 Cr-PMN Protocol: 

E 0' 

0' 30' 60' .. 

WBC I WBC2 WBC 3 WBC 4 PMANehicle 
Diff I Diff2 Diff3 Diff4 

Kri 
ACE I 

E: Equilibration period 
Kr: Capillary filtration coefficient measurement 
ACE: Angiotensin converting enzyme assay 
WBC: White blood cell sample 

30' 45' 

' 

WBC 5 Harvest tissue and 
Diff 5 · blood samples 
Kr2 

ACE.2 

Diff: WBC differential sample · 
51Cr-PMN: Chromium labeled neutrophils injected into arterial catheter 
PMA/vehicle: PMA or DMSO added to venous reservoir . 

Lobes were perfused at.either 0.6L/min or 1.2L/min 



Figure 3: Diagram of ISO experimental protocol. 



ISO Protocol: . 

E 0' 20' 0; 20' 30' LF I LF /HF LF ILF /HF I LF I LF/HF I LF/HF 

. I -1. I I I I 
Kr1 ISO/vehicle Kr2 PMA/vehicle Kr 3 

ACE 1 ACE2 ACE3 
cAMP 1 cAMP2 

E : Equilibration period 
Kr: Capillary filtration coefficient measurement 
ACE: Angiotensin converting enzyme assay 
!SO/vehicle: ISO or NaCl added to venous reservoir .. 

Kr4 
ACE4 

cAMP: Blood sample collected for plasma cAMP measurement 
PMA/vehicle: PMA or DMSO added to venous reservoir 

Lobes in low fldw (LF) groups were perfused at 0.6L/min .throughou~·the experiment. In 

the high flow (HF) groups flow was el~vated to 2.0L/min during ,~e periods indicated on 

the time line. 
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rate provides increased protection was examined. Lung lobes were obtained from the dog 

and cannulated as previously described. Lobes were perfused at 0.6L/min and ventilated 

with room air with So/o C02 added. Pulmonary artery, vein, and airway pressrires were 

measured. Lobe weight changes were also monitored. Lobes were divided into four 

_·groups: LF PMA control (n=7), LF ISO+ PMA (n=IO), HF PMA control (n=8) and HF 

ISO + PMA (n=6). After lobes reached an isogravimetric state· blood flow rate was 

maintained at 0.6 L/min throughout the experiment in LF groups and was increased to 

2.0L/min during Kr, Pdo and ACE enzym~ activity measures ·in HF groups. In each 

group Kr, Pdo anci ACE ~nzyme activity measures were obtained before ISO (10-5M) or . 

ISO vehicle, saline, was added to the perfusate and again 20 min post ISO or vehicle. 

ACE activity measurements were obtained 20 and 30 minutes after 1o-7M PMA. Kr 

measures were repeated at 30 min post PMA in each group. In all groups perfusate 

·samples· were collected for cAMP measurements 20 min post ISO or vehicle and 30 min 

post PMA~ Blood gases, pH and hematocrits were . obtained from samples withdraWn 

from the venous cannula immediately following each enzyme activity determination. 

PTX protocol: PTX has been shown to protect against various forms of lung 

injury. Whether PTX protected against PMA-induced lung injury in the isolated canine 

lung was studied. The effects of blood flow rate on PTX protection was examined in 

these experiments as depicted in Figure 4 .. Lung l~bes were obtained from the dog and 

cannulated as previously described. Lobes were perfused. at either 0.6L/min (LF) or 1.2 

L/min (HF) throughout the experiment and ventilated with room air to which 5% C02 

was added. Lobes were divided into six groups: LF PTX + PMA (n=7), LF PTX + PMA 



Figure 4: Diagram of PTX experimental protocol. 
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PTX/vehiele: PTX or saline added to venous -reservoir 

' ' 
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L/min (HF) throughout the experiment and ventilated with room air to which 5% C02 

was added. Lobes were divided into six groups: LF PTX + PMA (n=7), LF PTX + PMA 

vehicle (DMSO) (n=8), LF PTX Vehicle (saline)+ PMA (n=4), HF PTX + PMA (n=6), 

HF PTX + PMA v~hicle (DMSO) (n=6), and HF PTX Vehicle (saline)+ PMA (n=4). 

Pulmonary artery, vein and airway pressures were measured. Lobe weight change was 

also monitored. WBC counts and differentials were obtained at 0, 30 and 60 min of 

perfusion and before and after PMA. After reaching an isogravimetric state Kf and ACE 

measures were obtained. PTX (Io-3M) was then given into the venous reservoir and 

allowed to circulate for 30 min before Kfand ACE measurements were repeated. PMA 
:". ... 

(1o-7M) was given int~ the v~nous reservoir: .and allowed to circulate. At 30 min post 

PMA _Kf and ACE measurements were rel:l~ated. 

M. Data Analysis: 

Within group analysis ~f baseline vs. experimental measures was performed by 

paired t-test. Between group an~lysis was performed usi~g non•paired t-test. Significance 

was accepted as P<O.OS. 



RESULTS 

A. PMA-induced lung injury at low blood flow rate 

1. Effect of PMA on hemodynamics 

When PMA (0.1J.Lg/ml) was administered as a bolus into the venous reservoir and 

allowed to circulate for 30 min at low flow (0.6L/min) it increased hemodynamic 

measurements. Pa increased (50.0±5.1 vs 20.2±1.2 cmH20, P<0.05) while control lobes 

given only the vehicle, DMSO, showed no changes (19.8±1.5 vs 19.7±1.5 cmH20, 

P=0.37) (Fig-qre SA). PVR also increased after PMA (61.39±6.92 vs 23.50±2.49 

cmH20·L-I.min, P<0.05) but remained stable in control lobes (24.26±2.29 vs 24.98±2.30 

cmH2Q·L-I.min, P=0.33; Figure 5B). Thus PMA administered at low flow or = 33o/o 

vascular recruitment caused pulmonary vasoconstriction resulting in increases in 

pulmonary pressures. 

2. Effect ofPMA on endothelial ACE activity 

PMA decreased endothelial ectoenzyme activity since Ama/Km was decreased 

after PMA (456±19 vs 511±16 ml/min, P<0.05) and unchanged in control lobes (489±24 

vs 500±20 ml/min, Figure 6A). The% metabolism of 3H-BPAP also fell in response to 

PMA injury (70.4±1.3 vs 73.9±0.9, P<0.05) but remained unaltered in the absence of 

PMA (72.0±1.6 vs 72.5±1.3, P=0.44, Figure 6B). It appears that PMA caused damage to 

·the endothelium resulting in the dysfunction of ACE during low flow perfusion. 
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Figure 5: Effect of P MA on pulmonary artery pressure (Pa; Panel A) and pulmonary 

vascular resistance (PVR; Panel B) during low flow. Mean ± SE for Pa in cmH20 and 

for PVR in _cmH20L-1
· min. Pre DMSO I PMA, before DMSO (PMA vehicle) or PMA, 

and DMSO I PMA+ 30; 30 min. after DMSO or PMA. DMSO (n=l2) and PMA (n=l7). 

*, P<0.05 vs Pre PMA. #, P<0.05 vs DMSO + 30. 
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Figure 6: Effect of P MA on Ama/Km (Panel A) and % metabolism (Panel B) during low 

flow. Mean ± SE for the modified first order reaction parameter, Ama/Km , and % 

metabolism for 3H-BPAP metabolism by pulmonary ACE. Pre DMSO I PMA, before 

DMSO or PMA, and DMSO I PMA+ 30, 30 min. after J?MSO or PMA. DMSO (n=6) and 

PMA (n=8). *, P<0.05 vs Pre PMA. Pre DMSO vs DMSO + 30, not significant. 
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3. Effect of PMA on Kr 
- ' 

PMA administered at low flow increased microvascular permeability. The Kr 

increased more than threefold in lobes treated with PMA (0.889±0.232 vs 0.247±0.023 

ml"min-l.mmHg-1.100- g-1
, P<0.05, Figure 7). In contrast there was no significant change · 

in Kr in control lobes (0.330±0~050 vs 0.227±.0.027 mlmin-I.mmHg-1.1 00 g-1
, P=0.68) · 

indicating that the_ preparations were stable in the absence of PMA. These findings 

suggest that damage to the microvascular wall by PMA during low flow increased 

vascular permeability. 

4. Effect of PMA _ o~ circulating WBC and differentials during low flow 

PMA is known to activate PMN causing them to ~dhere to the endothelium thus 

removing them from circulation. After PMA-a dramatic drop in the circulating WBC 

-- (165±25 vs 1305±176 cells/f.lL, P<0.05, n=15) was observed. In lobes where complete 

differential data were obtained circulating WBC decreased after PMA 136±14 vs 

1175±210 cells/f.1L, P<0.05, n=11. Circulating PMN were decreased by (28±5 vs 417±68 · 

PMN/f.lL, P<0.05). PMN decreased out of proportion to other WBC (Table 1). In control 

lobes circulating WBC counts remained stable throughout the perfusion (932±194 vs 

877±140 cells/f.1L, P=0.59, Figure 8). Circulating PMN also remained ·stable in the 

control lobes (258±61.8 vs 275±43.9 PMN/f.lL, P=0.20). PMA caused the sequestration 

of cells resulting in decreased numbers of cells circulating in-the perfusate. 

5. Effect of PMA and low flow on sequestered ncr-PMN 

51 - • -
PMA caused Cr-PMN to be sequestered In lobes perfused at low flow compared 

to DMSO-treated control lobes. When data is compared between PMA and DMSO 



Figure 7: Effect of PMA on K1 (ml'min-1·mmHg-1'100g-1
), an index of vascular 

permeability to water, during low flow. Mean± SEfor K1 Pre DMSO I PMA, before 

DMSO or PMA, and DMSO I PMA+ 30, 30 min. after DMSO or PMA. DMSO (n=7} and 

PMA (n=J3). *, P<0.05 vs Pre PMA. Pre DMSO vs DMSO + 30, not significant.--
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Table I. 
Circulating WBC differentials during low flow perfusion 

Cell type PrePMA PMA+30 PreDMSO DMSO+ 30 min · 
% cells/f!L % cells/f.lL % cells/f.lL % cells/f.lL 

WBC 100 1175 100 136* 100 877 100 932 
PMN 36.7±1.5 417 19.9±1.5* 28* 31.8±1.2 ' 275 27.8±1.5· 258 
EOS 2.2±0.5 29 1.9±0.4 2* 1.9±0.6 15 1.5±0.4 15. 

BAS 0.6±0.4 10 0.5±0.2· .. 1* 0.8±0.3 6 0.5±0.3 4 
LYM 52.4±1.2 611 70.5±1.7* 95* 54.1±1.5 477 59.6±1.9 556 

MONO 8.1±1.2 108 ·s.1±1.1 11 * ... 11.5±1.1 104 10.6±0.5 101 

Values are :rmeans ± SE denoting percentage of total WBC count represented. by each, type. of leukocyte. PMN, polymorphonuclear 
neutrophils; EOS, eosinophils; BAS, basophils; LYM, lymphocytes~ and MONO, monocytes; Pre PMA, before PMA; PMA+30, 30 
min post PMA; Pre DMSb, before DMSO; and DMS0+30, 30 ~in post DMSO. PMA {n=11) and DMSO (n=8). *, P<0.05 vs 
preceeding value. · 



Figure\8: Effect ofPMA on circulating WBC (cells/~L) during low flow. Mean± SEfor 

circulating WBC. Pre DMSO lPMA, before DMSO or PMA, and DMSO I PMA+ 30, 30 

min. after DMSO or PMA. DMSO (n=8) and·PMA (n=15). *, P<0.05 vs Pre PMA. #, 

P<0.05 vs DMSO vs 30. 
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treated lobes. all ~neastires, regardless of the method used to n?rmalize the data, showed . 

. significant differences:· 296±25 P.MA. vs 155.0±14.5 DMso·, .P<0.05, Tissue counts/ 

' ' 

average blood counts; 17 .66±1.5 PMA vs 8.35±1.0 DMSO, P<0.05, (Counts/ gram dry 

lung) I average bl~od counts and 319±23 PMA vs 236±20.4 DMSO, P<0.05, (Tissue + 

Blood counts)/ ave.rage blood counts.· .. 

At low flow PMA increased Pa, PVR and Kr. while causing decreases in both 

Ama/Km and % metabolism of 3H-BP AP. PMA also caused a marked decrease in both 

( . 

the total circulating WBC and the percentage of circulating PMN while increasing 

sequestration of 51Cr-PMN. These data show that at low flow PMA had potent 

vasoconstrictor effects and also caused damage to the endothelium resulting in enzyme 

. . 

dysfunction and the lost of barrier integrity. While PMA caused a decrease in circulating 

WBC, only the percentage of PMN decreased sigqlficantly. 

B. PMA-induced lung injury at high blood flow rate 

. 1. Effect OfPMA on hemodynamics 

During pe_rfusion at 1200 ml/min, = 66%· full recruitment, baseline Pa was 

approximately double that seen at low flow. PMA increased Pa (67.7±8.'5 vs 44.0±4.3 

cmH20, P<0.05) while DMSO had -no effect (43.2±4.7 vs 43.8±4.8 cmH20, P=0.12, 

Figure "9A). Similarly PVR remained unchanged in control lobes (38.02±5.66 vs 

38.58±5.82 .cmH20·L-I.min, 1?=0.71) but increased after PMA (61.31±7.71 vs 39.76±4.11 

cmH20·L-I.min, P<0.05, Figure 9B). PMA at high flow resulted in increases in· 

pulmonary pressures, however at the increased flow the magnitude of the observed 

hemodynamic changes was less than at low flow. At high flow. Pa increased 56o/o and 



Figure 9: Effect of PMA on pulmonary artery pressure (Pa; Panel A) and pulmonary 

vascular resistance (PVR,; Panel B) during high flow. Mean ± SE for Pa in cmH20 and 

for PVR in cmHPL"1
' min.· PreDMSo; PMA, before DMSO {PMA vehicle) or PMA, 

and DA[SO I PMA+ 30, 30min. after DJ.!SO or PMA. DMSO (n:;;;_JO) and PMA (n=ll). 

*, P<0.05 vs Pre PMA. #, P<0.05 vs DMSO + 30. 
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PVR increased 57o/o while at the lower flow there was a 152% increase in Pa and a 183% 

increase in PVR (Table II). 

2. Effect of PMA on endothelial ACE activity at high flow 

As at tl)e :lower flow rate injury with PMA resulted in ACE enzyme dysfunction at 

high flow. Ama/Km decreased (819±56 vs 953±50 ml/min, P<0.05) but remained 

unchanged in the control group (894±57 vs 953±34 ml/min, P=O.l4, Figure 1 OA). The % 

metabolism of 3H-BP AP also fell after PMA (68.0±2.0 vs 72.8±1.4, P<0.05) and 

remained unchanged in control lobes (71.3±2.1 vs 73.3±1.5, P=;0.23, Figure lOB). At 

high flow PMA decreased Ama/Km 14% from baseline while% metabolism decreased 

7% compared to a 11% decrease in Ama/Km and a 3% fall in % metabolis~ at the lower 

flow. 

3. Effect ofPMA on Krat high flow 

After PMA the Kr ,was increased at high flow (0.889±0.260 vs 0.196±0.017 

mlmin-I.mmHg-I.lOOg-1
, P<0.05, Figure 11) suggesting injury to the endothelial barrier 

as evidenced by the resulting permeability increase. The high flow alone did not increase 

permeability since control lobes did not show an increase in Kr (0.296±0.076 vs 

0.222±0.047 mlmin-l.mmHg-l.lOOg-1
, P=0.25). Kr increased more than four-fold in lobes 

perfused at high flow during PMA injury compared to more than three-fold at low flow. 

4. Effect ofPMA on circulating WBC and differentials at high flow 

During the high flow perfusion baseline circulating WBC counts were 

significantly greater than baseline counts at low flow (1835±235 vs 1157±130 cells/J.LL 

P<0.05) when data from all lobes were combined {n=16). The high flow rate during 



Table II. 
Effect of PMA on hemodynamic measures at low and high flow 

Flow rate Measurement PrePMA PMA+30' 
I 

0.6L/min Pa 20.2±1.2 cmH20 50.0±5.1 cmH20* I 

0.6L/min PVR 23 .50±2.49 cmH20"L ... min 61.39±6.92 cmH20·L-J.min* I 

- - -

1.2L/min Pa 44.0±4.3 cmH20 67.6±8~5 cm.H20* - - ---1 

1.2L/min PVR 39.76±4.11 cmH20·L-I.min 61.31±7.71 cmH20·L-.. min* -I 
-- -------

Values are means± SE. Pa, pulmonary artery pressure and PVR, pulmonary-vascular resistance. Low flow (n=13), high flow (n=7). 
*P<0.05 vs Pre PMA. 



Figure 10: Effect of PMA on Ama/Km (Panel A) and% metabolism (Panel B) during 

high flow. Mean ± SE for the modified first order reacti~n parameter, Ama/Km, and % 

metabolism for .3H-BPAP metabolism by pulmonary ACE. Pre DMSO I PMA, before 

DMSO or PMA, and DMSO I PMA+ 30, 30 min. after DMSO or PMA. DMSO (n=JO) 

anc! PMA (n=ll). *, P<0.05 vs Pre PMA. Pre DMSO vs DMSO + 30, not significant. 
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Figure 11: Effect -of PM:l ·o.n !<f (mlmin-1·mmHg:~1·JoOg-1), an index of vas~ular 

permeability to water, during high flow . Mean ± SE for K1 Pre DMSO I P MA, before 

DMSO or PMA, and DMSO I PMA+ 30, 30 min.. after DMSO or PMA. DMSO (n=6) and 

PMA (n=6). *, P<0.05 vs Pre PMA. Pre DMSO vs DMSO + 30, not significant. 
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injury with PMA did n~t prevent the PMA-associated fall in WBC (123±15 vs 1639±277 

cells/f..tL, P<0.05, Figure 12). Circulating PMN were significantly decreased after PMA 

(26±3 vs 579±117 PMN/J..LL, P<0.05, Table III) and were the only type of WBC to 

decrease significantly as a percentage of total [WBC]. WBC counts were very sta~le 

after DMSO (1932±285 vs 1987±365 cells/J..LL, P=0.71, n=9, Figure 12). In lobes wjth 

complete differential data (n=6), WBC rem~ined stable after DMSO (2101±371 vs 

2251±491 cells/J..LL, P=0.625, Table III). Circulating PMN also remained stable after 

DMSO (584±159 vs 717±221 PMN/J..LL, P=O.l04, Table III). The high flow did not 

prevent the PMA-induced cell activation and sequestration (Table III). Furthermore, 

there was no difference in the percentage decrease in either circul&ting WBC or PMN 

after PMA between low and high flow groups (Table IV). 

5. Effect ofPMA on sequestered ilcr~PMN at high flow 

In contrast to the marked fall in circulating WBC concentrations in response to 

PMA, differences in 51Cr-PMN sequestration in PMA and DMSO treated lobes were not 

observed at high flow. All measured parameters were similar in both the injured and 

control lobes: 190±32 PMA vs 144±25 DMSO Tissue counts/ average blood counts 

(P=0.27); 9.8±1.8 PMA vs 9.5±1.8 DMSO (Counts/ gram dry lung) I average blood 

counts (P=0.91); and 289±43 PMA vs 191±9 DMSO (Tissue+ blood counts)/ average 

blood counts (P=0.05) respectively. These data show no. increased sequestration of 51 Cr 

PMN in lobes· injure~ with PMA at high flow. 



Figure 12: Effect of PMA on circulating WBC (cellsiJlL) during high flow. Mean± SE 

for circulating WBC. Pre DMSO I PMA, before DMSO or PMA, and DMSO I PMA+ 30, 

30 min. after DMSO or PMA. DMSO (n=9) and PMA (n=7). *, P<0.05 vs Pre PMA. #, 

P<O. 05 vs DMSO vs 30. 
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Table III. 
Circulating WBC differentials during high flow perfusion 

Cell type PrePMA --- PMA+30- PreDMSO DMS0+30min 
% cells/J.LL % cells/J.LL % cells/J.LL % ceiiS/J.LL 

_WBC _ IOO I639- IOO I23* IOO 225I IOO 2-IOI 
_PMN - 35.3±3.0 579 21.4±2.0* 26* 30.7±2.8 7I7 27.0±2~9- 584-
-EOS 2.0±0.6 33 ' '2.I±0.5 3* 2.0±0.7 43 1.2±0.3 23 
BAS I.0±0.6 -16 - 0.6±0.4 I 0.5±0.3 II 0.3±0.2 7 
LYM 53-.I±l.8 870 67.6±1.4* 83* 59.0±2.3 I309 62.5±2.7 I293 

-MONO 8.6±1.7 -· I4I 8.3±L5 IO* 7.8.±0.6 I7I 9.0.±1.0 I92 
-

Values are means ± ~E-denoting .percentage of total WBC count represented by each type of leukocyte. PMN, polymorphonuclear 
neutrophils; EOS, eosinophils; BAS, basophi!s; L YM, lymphocytes; and MONO, monocytes; Pre PMA, before PMA; PMA + 30, 30 
min-post PMA; Pre DMSO, before DMSO; mid DMS0+30, 30 min post DMSO. PMA (n=7), DMSO (n=6). *, P<0.05. vs preceeding . -

value. 



Table IV. 

Effect of PMA on circulating WBC and PMN at low and high flow 

Flow rate PrePMA WBC PMA+30' WBC %Fa11WBC %FaiiPMN 
0.6L/min 1305±176 cells/J.LL 165±25 cells/J.tL * 85% 92% 
1.2L/min 1639±277 cells/J.LL 123±55 cells/J.LL * 88% 93% 

-

Values are means ±SE. WBC, cit_culating white blood cells; and PMN, polymorphonuclear neutrophils. Low flow (n=15), high flow 
(n=9). *, P<0.05 vs Pre PMA. . 



75 

At high flow PMA increased Pa, PVR and Kr while decreasing both Amru/Km and. 

% metabolism of 3·H-BPAP. PMA also caused ·a marked decrease in both the total 

circulating WBC and the percentage of circulating PMN. These data show that at high 

flow PMA treatment caused vasoconstriction but not to the extent observed at low flow. 

PMA also caused damage to the endothelium resulting in enzyme dysfunction and the 

loss of barrier. integrity. · While PMA caused a decrease in circulating WBC the fall in 

PMN counts was proportionately greater than other" WBC. Perfusion at the higher blood 

flow rate neith~r prevented PMN sequestration nor the injury to PMA. 

C. Effect of PMA on superoxide anion production by isolated PMN 

Co-incubating PMA (10 ng/ml) with isolated canine PMN (106/ml) resulted in the 

generation of superoxide anion which was determined by the superoxide · dismutase

inhibitable reduction of ferricychrome C (16.0±1.8 nmol/ 30 min/ 1-06 PMN). In isoiated 

PMN that were not stimulated by PMA superoxide anion generation was markedly less 

(1.3±0.70 vs 16.0±1.8 nmol/ 30 min/106 PMN, P<O.OS). The increased superoxide anion 

generation in· response to PMA suggests that the isolated PMN were not activated by the 

isolation procedures but were. capable of being activated and releasing. oxidants. 

D. Effects of ISO pretreatment during low flow in the lung 

1. Effect of ISO on hemodynamics 

Neither ISO or ISO vehicle (saline} altered Pa, Pdo or PVR at low flow (Table V). 

2. Effect of ISO on endothelial ACE activity 

ISO did not alter Amru/Km or% metabolism measurements. In saline control lobes 

these measurements were also unaltered (Table V). 



Table V. 
Effect of vehicle or ISO pretreatment during low flow perfusion in the lung 

Measurement Pre vehicle Vehicle + 20 min Pre ISO ISO+ 20 min 
Pa (cmH20) 17.9±1.4 18.9±2.0 16.5±0.7 16.5±0.8 

Pdo (cmH20) 10.7±0.7 10.1±0.4 9.0±0.4 8.8±0.5 
PVR (cmH20·L-J.min) 22.84±1.77 26.03±3.97 21.70±1.10 22.64±1.54 

Ama/Km (ml/min) 567±29 542±21 504±28 499±25 
%M 75.4±1.5 74.0±1.1 74.3±1.1 70.3±2.8 I 

Kr(ml·min-•·mmHg-•·1 OOg-•) 0.143±0.027 0.177±0.026 0.104±0.015 0.139±0.027 
I ---- L____~---

Values are means ± SE. Pa, pulmonary artery pressure; Pdo, pulmonary double occlusion pressure; PVR, pulmonary vascular 
resistance; Ama/Km, modified first order reaction parameter for 3H-BPAP metabolism by pulmonary ACE; %M, % metabolism of 3H
BP AP; and K6 capillary filtration coefficient. 
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3.· Effect of ISO on Kr 

Neither ISO nor saline altered the Kr (Table V). 

E. Effects of ISO on PMA-induced lung injury at low flow 

1. Effect of ISO pretreatment on PMA-induced changes in hemodynamics 

PMA significantly increased Pa in vehicle control and ISO lobes (40.7±6.2 vs 

18.9±2.0 cmH20 and 32.5±3.9 vs 16.5±0.8 cmH20 respectively, P<0.05, Figure. 13A). 

PVR was also, increased after PMA in control lobes from 26.03±3.97 to 63.30±1 0.56 

cmH2Q·L-I.min (P<0.05) andin ISO lobes from 22.64±1.54 to 50.64±7.01 cmH20·L-I.min 

(P<O.OS; Figure 13B). PMA also increased Pdo in both control·and ISO lobes (23.9±4.0 

·vs 10.1±0.4 cmH20 and 18.2±2.3 vs 8.8±0.5 cmH20, P<O.OS, Figure 14). ISO 

pretreatment did not protect against the PMA-induced changes in the measured 

hemodynamic parameters during low flow perfusion. · 

2. Effect of ISO pretreatment on PMA-induced changes in endothelial ACE 

activity 

The vehicle control group initially contained seven lobes, however enzyme data 

could not be used in two of the lobes due to technical problems. There was a 

malfunctioning of the fraction collector during sample collection in one lobe and 

problems with the scintillation spectrophotometer during the analysis of radioactivity in 

the other experiment. Enzyme data was therefore only valid in five lobes. In these five 

lobes Amro/Km was s~gnificantly decreased by PMA (491±39 vs 542±21 ml/min, P<0.05, 

Figure ISA). The % metabolism showed a trend toward decreasing but was not 

statistically significant (70.4±2.4 vs 74.0±1.1,·P=0.056, Figure 15B). Neither Amro/Km 



·Figure 13: Effect of ISO pretreatment on PMA-induced changes in pulmonary artery 

pressure (Pa; Panel A) and pulmonary vascular resistance (PVR;.Panel B) during low 

flow. Mean ±SEfor Pain cmH20. Pre PMA, beforePMA, and PMA+ 30, 30·min. after 

PMA. ISO (n=9) and Vehicle (n=7). *, P<0.05 vs Pre PMA. 
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Figure 14: Effect of ISO pretreatment on PMA-induced changes in capillary pressure 

-(Pdo) during low flow. Mean ± SE for Pdo· in cmH20. Pre PMA, before PMA, and 

PMA+ 30, 30 min. after PMA-. ISO (n=7) and vehicle (n=9) . . *, P<0.05 vs-Pre PMA. #, 

P<O. 05 ISO vs vehicle. 
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Figure 15: Effect of ISO pretreatment on Ama!Km (Panel A) and % metabolism (Panel 

B) during low flow. Mean ± SE for the modified first order reaction parameter, Ama!Km, 

and% metabolism/or 3H-BPAP by pulmonary ACE. Pre PMA, before PMA, and PMA+ 

30, 30 min. after PMA. ISO (n=9) -and vehicle (n=6). *, P<0.05 vs Pre PMA. 
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(461±22 vs 499±25 ml/min, P=OJ3, Figure 15A) nor % metabolism (69.5±2.1 vs 

73.6±1.2, P=O.l6, Figure 15B) decreased in ISO pr~treated lobes. · 

· 3. Effect of ISO pretreatment on PMA-induced changes in Kr 

After PMA the Kr showed a trend toward increasing in vehicle control lobes 

(0.377±0:131 vs 0.177±0.026 ml'min-l.mmHg-1.100g-1
' Figure 16) but was not 

statistically significant P=0.20. In ISO lobes the Kr was unaltered after PMA 

(0.127±0.033 .vs 0.111±0.026 ml'min-I.mmHg-1.100g-1
, P= 0.29). Since the Kr was 

significantly higher after PMA in the vehicle than the ISO lobes, it suggests that ISO has 

a protective effect. 

4. Effect of ISO pretreatment on plasma cAMP levels at low flow 

Although there ·were seven lobes in the control group and samples were obtained 

for all lobes, three samples were lost. ISO given during low flow tended to increase 

cAMP before PMA compared to control lobes (58.0±13.6 vs 4.9±2.3 pg/ml, Figure 17). 

After PMA, cAMP levels remained 10-fold greater in ISO lob~s ·as compared to the 

control group (38.0±12.6 vs 3.52±2.33 pgiml, P=0.08). Thus PMA did not appear to alter 

cAMP levels in vehicle or ISO treated lobes. Due to the ·missing data points valid 

statistics could not be performed between the groups; howev~r ISO appears to 

significantly increase cAMP during low flow perfusion. The increase in cAMP appeared 

unaffected by PMA. ISO t.ended to elevate cAMP and to protect against the permeability 

effects of PMA during low flow perfusion. 



Figure 16: Effect of ISO· pretreatment on K1 (ml'min·1·mmHg·1.100g-1
), an index of 

vascular permeability to water during low flow. Mean ± SE for K1 Pre P MA, before 

PMA, and PMA+ 30, 30 min. after PMA. #, P<0.05 ISO vs vehicle. 
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Figure·I7: Effect of ISO pretreatment on plasma cAMP levels (pg/ml) during low flow. 

Mean ± SEfor cAMP concentration. Pre PMA, before PMA, and PMA+ 30, 30 min. 

after PMA. ISO (n=7) and vehicle (n=4). PMA + 30 vs Pre PMA, not significant. ISO vs 

vehicle, not significant. 
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F. Effects of ISO pretreatment during high flow in the lung 

1. Effect of ISO on hemodynamics 

Neither ISO or ISO vehicle (saline) altered Pa, ~do or PVR at high flow (Table 

VI). 

2. Effect of ISO on endothelial ACE activity 

ISO did not alter Amax1Km or % metabolism measurements. These measurements 
i 

were also stable in control lobes (Tabl~·VI). 

3. Effect of JSO on Kf 

ISO given during high 'flow· significantly increased the . Kr (0:.308±0.044 vs 

0.180±0.180 ml"min-l.mmHg·100g~1 , P<O~OS,. Table VI). In control lobes perfused at the 

same flow rate and treated with saline there w~ no significant ch~ge in Kr (Table VI). 

The stability of the control lobes show that the increase· in permeability in the ISO group 

is not simply due to the high flow. 

G. Effects of ISO on PMA-induced lung injury at high flow 

1. Effect of ISO pretreatment on PMA-inciuced changes in hemodynamics 

In vehicle control lobes PMA significantly increased Pa (1 04.3±11.6 vs 34.1±4.2 

cmH20, P<O.OS) whereas no changes were noted with ISO (58.3±5.9 vs 44.8±3.1 

cmH20, P=0.11, Figure 18A). After PMA, PVR was also increased (48.46±6.76 vs 

13.77±2.i3 cmH20·L-l.min, P<O.OS) but was unchanged in the ISO pretreated group 



·Table VI. 
Effect of vehicle I ISO pretreatment during high flow perfusion in the lung 

Measurement Pre vehicle VehiCle + 20 min Pre ISO IS0+20 min 
Pa (cinH20) 35.1±3.6 34.1±4.2 46.0±2.8 44.8±3.1 
Pdo(cmH20) 28.8±2.3 29.1±1.9 . 27.3±1.7 27.7±1.8 

PVR ( cmH20·L-.. min) 14.15±2.40 13.77±2.73 22.32±1.58 20.67±1.73 
Ama/Km (ml/min) 1770±109 1790±114· 1613±106 . 1556±111 

%M 72.4±1.3 72.9±1.5 71.7±2.0 70.3±2.8 
Kr(ml·min-•·mmHg-'·1 OOg-') 0.200±0~03.6 0.245±0.077 e0.180±0.018 . 0.308±0~044~ 

. Values are means ± SE. Pa, pulmonary artery pressure; Pdo, pulmonary double occlu.sion pressure; PVR, pulmonary vascular 
resistance; Ama/Km, modified first order reaction parameter for 3H-BPAP metabolism by I>ulmopary ACE; %M, % metabolism of 3H- -
BPAP;· and Kr, capillary filtration coefficient.*, P<0.05 ISO'+ 20 min vs Pre ISO. 



Figure 18: Effect of ISO pretreatment on PMA-induced changes in pulmonary artery 

pressure (Pa; Panel A) and pulmonary vascular resistance (PVR; Panel B) during high 

flow. Mean± SEfor Pain cmH20. Pre PMA, before PMA, and PMA+ 30, 30 min. after 

PMA. ISO (n=JO) and Vehicle (n=7). *, P<0.05 vs Pre PMA. #, P<0.05 ISO vs vehicle. 
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(25.46±2.37 vs 20.67±1.73 cmH20·L-Lmin, , P=0.23, Figure 18B). PMA increased Pdo 

in the absence of ISO (56.7±3.0 vs 29.1±1.9 cmH20, P<0.05, Figure 19), however with 

ISO pretreatment no changes in Pdo were observed (25.46±2.37 vs 20.67±1.73 cmH20, 

P=0.25). ISO pretreatment protected against the PMA-induced changes in the measured 

hemodynamic parameters during perfusion at full recruitment. 

2. Effect of ISO pretreatment on PMA-induced changes in endothelial ACE 

activity at high flow 

PMA in control lobes decreased Ama/Km (1790±114 vs 1093±157 ml/min, 

P<0.05, Figure 20A) while no decrease was observed with ISO pretreatment (1426±163 . 

vs 1556±111 ml/min, P=0.21). A fall was noted in the% metabolism of 3H-BPAP after 

PMA in the control group (55.7±4.4 vs 72.9±1.5, P<0.05, Figure 20B) but not with ISO 

pretreatment (65.9±3.6 vs 70.3±2.0, P=0.32). Thus, in the fully recruited lung ISO 

pretreatment provided protection against the PMA-induced injury and prevented ACE 

4ysfunction. 

3. Effect of ISO pretreatment at high flow on PMA-induced changes in Kr 

Massive edema ·w~s apparent after injury in PMA-treated lobes suc];l that Kr 

measurements could be completed in only three of the six lobes (Kr = 1.150±0. 725 vs 

Q.245±0.077 ml"min-l.mmHg-1.100g.71 , P=0.29, Figure 21). In ISO pretreated lobes ISO 

alone lead to. an increase in permeability while Kr was unch&nged, in vehicle controls 

(Table VI). After·P11A the Krwas further increased (0.780±0.109 vs 0.308±0.044 



Figure 19: Effect of·!SO pretreatment on PMA-induced changes in cq.pillary pressure 

(Pdo) at high flow. Mean± SEfor Pdo in cmH?9· Pre PMA, before PMA, and PMA+ 

30, 30 min. after PMA. ISO (n=8) and vehicle. (n=6). *, P<0.05 vs Pre PMA. #, 

P<O. 05 vs vehicle. 
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Figure 20: Effect of ISO pretreatment on Ama/Km (Panel A) and % metabolism (Panel 

B) during high flow. Mean ± SE for the modified first order reaction parameter, Ama/Kw 

3 . 
and% metabolism for H-BPAP by pulmonary ACE. Pre PMA, before PMA, and PMA+ 

30, 30 min. after PMA. ISO.(n=8) and vehicle (n=6). *, P<0.05 vs Pre PMA. 
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Figure 21: Effect of ISO pretreatment on K1 (ml'min-1·mmHg-1'100g-1
), an index of 

vascular permeability to water, at high flow. Mean ± SE for K1 Pre P MA, before P MA, 

and PMA+ 30, 30 min. after PMA. ISO (n=B) and vehicle (n=6). *, P<0.05 vs Pre 

PMA. 
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ml'min-LmmHg-1.1 OOg-1
, P<0.05) in ISO pretreated lobes. Thus, ISO prevented PMA-

. induced hypertension and ACE d~s~ction .·and. attenuated ·the increase· in vascular 

permeability.· 

4. Effect of ISO pretreatment on cAMP levels at high flow 

ISO pretreatment increased pla~ma cAMP levels compared to control lobes before 

PMA (63.7±10.8 pg/ml vs 17.5±12.5 pg/ml, P<0.05, Figure 22). After PMA, cAMP 
. ' 

. . . . 

remained elevated in the ISO pretreated group (53.9±11.2 pg/ml' vs 16.1±12.8 pg/ml, 

P<0.05). PMA did not alter cAMP concentration. Thus ISO caused an increase in cAMP 

which was unaffected by PMA. 

ISO pretreatment had greater protective effects at high flow than at low flow in 

my study. At high· flow ISO fully protected against increases in Pa, PVR and Pdo but 

failed to abolish increases in these measurements at low flow. At both low and high 

flow, ISO attenuated the increases in vascular permeabilitY-to PMA. 

H. Effects of PTX in the lung at low flow 

1. Effect of PTX on hemodynamics 

P}X did not significantly decrease Pa, but caused a small decrease in PVR 

(26.18±2.01 vs 28.54±1.68 cmH20·L~Lmin, P<0.05, Table VII). 

2. Effect of PTX on endothelial ACE activity at low flow· 

In lobes perfused at low flow PTX resulted in a small but significant decease in 

Amw/Km (522.4±15.5. vs 532.5±15.1 ml/min, P=0.042, Table VII). Becau~e the decrease 

was small in magni~de, it likely does not. represent a physiologically significant change. 



) ' 

Figure 22: Effect of ISO pretreatment on cAMP levels (pglml) during high flow. Mean 

± SEfor cAMP levels. Pre PMA, before PMA, and PMA+ 30, 30 min. after PMA. ISO 

(n=8) and vehicle (n=6). #, P<O. 05 ISO vs vehicle. 

: ~ . 
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Table VII. 
Effect of PTX pretreatment during low flow in the lung 

Measurement PrePTX PTX+30min 
Pa (cmH20) 22.6±1.0 21.8±1.0 

PVR (cmH2Q·L-1.min) 28.5±1.7 26.2±2.0 * 
Amro/Km (ml/min) 533±15 522±15 * 

%M 74.8±0.8 74.2±0.9 I 

Kr (ml·min~··mmHg-•·100g-•) 0.111±0.010 0.150±0.021 
WBC (cells I J!L) 1462±196 2790±344* 

Values are means ± SE. Pa, pulmonary artery pressure; PVR, pulmonary vascular 
resistance; Amax/Km, modified first order reaction parameter for 3H-BPAP metabolism by 
pulmonary ACE; %M,% metabolism of 3H-BPAP; and Kr, capillary filtration coefficient. 
*, P<0.05 PTX + 30 min vs Pre PTX. 



104 

T~e % metabolism was not changed by PTX (Table VII). These data show that PTX did 

not cause ACE dysfUnction. 

3. J~:ffect of PTX on Kt: at low flow 

PTX . pretreatment did not change the Kr indicating that it did not alter 

microvascular permeability (Table VII). 

4. Effect ofPTX on circulating WBC and differentials at.low flow 

The total WBC count (1462±196 vs 7064±731cells/JlL) and the percentage of 

circulating PMN.(25.5±1.7 vs 41.4±1.7 ~ PMN/~L, P<0.05}'signiflc~tly decreased over 

time wh~n Pre PTX values were compared to ·Pre-perfusion values, respectively. The 

percentage of lymphocytes ·significantly ·increased (62.9±1.9 vs 45.9±1.4 % L YM/fJL, 

. . 

P<0.05) over the same . time . pe~o'4 w!YJe all other WBC percentages remained 

unchanged. The introduction of PTX to the system reversed this decrease and almost 

doubled the circulating WBC (2790±344 vs 1462±196 cells/fJL, Table VII, P<0.05). 

PTX also caused·a significant increase in the percentage of circulating PMN (33.2±1.6 vs 

25.5±1.7% PMN/fJL,P<O.OS) in Post PTX vs Pre PTX (Pre PMA) samples respectively. 

In six lobes in which the time course of the response was studied the increase in 
I 

circulating WBC was found to occur within one minute after PTX was. administered . 

(3146±926 vs 2125±913 cells/J..LL, P<0.05). Once cells were released into the perfusate 

they continued to circulate and the cell count remained elevated (3052±954 vs 3146±926 

cells/JlL PTX+ 1' vs samples obtained 44 min after PTX). 

Changing percentage of cells into numbers of cells confirmed that along with the 
~ 
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increase in total WBC after' PTX, the number of circulating PMN was significantly 

increased (911±161 vs 359:t6_1 PMN/f..LL, P<0~05) when Pre PTX values were compared 

to Post PTX (Pre PMAIDMSO) values. In the absence of PMA the percentage of 

circulating PMN remained increased after PTX. 

I. Effects ofPTX On PMA-induced lung iniur.y at low flow 

1. Effect ofPTX on PMA-induced changes in hemodynamics 

PTX prevented PMA-induced increases In both Pa and PVR and values did not 

differ from DMSO control lobes. The Pa values were 22.5±1.3 vs · 22.8±1.4 cmH20 ' 

(P=0.77) and 23.5±2.2 vs 21.1 ±1.4 cmil20 (P=O.IO) in PTX + Dl\1SO and PTX + PMA 

lobes respectively (Figure 23A). PVR values were 27.00±2.73 vs 27.24±2.48 cmH2o·L

l.min (~=0.62) in PTX + DMSO lobes and 26.28±2.55 vs 25.32±3.12 cmH20·L-l.min in 

PTX+PMA lobes (Figure 23B). In contrast, in lobes where PTX vehicle (saline) and 

PMA were given, Pa (86.9±11.3 vs 27.3±1.4 cmH20) and PVR (102.18±35.76 vs 

30.94±2.01 cmH20·L-l.min) were increased after PMA (P<0.05). Thus PTX prevented 

the potent vasoconstrictor effects of PMA during low flow perfusion. 

2. Effect ofPTX on PMA-induced changes in endothelial ACE activity 

Enzyme data was analyzed in terms of percent change froi:n baseline values due to 

technical problems that resulted in baseline values differing among comparable groups. 

Baseline values were obtained after 30 min of PTX treatment and values were compared 

to the PMA + 30 min values. Neither PMA nor DMSO in the presence of PTX altered 

AmaxfKm (-4.00±1.54% PMA+30 vs 0.00±3.78% DMS0+30, Figure 24A). Values in 



Figure 23: · Effect of PTXpretreatment on PMA-induced changes in pulmonary artery 

pressure (Pa; Panel A) and pulmonary vascular resis(ance (PVR; Panel B). during low 

flow. Mean ±. SE for Pa in cmH20 and PVR in cmH20 L-1.min. Pre PMA I DMSO, 

before DMSO or PMA, and PMAI DMSO + 30, 30 min. after PMA or DMSO. 

PTX+DMSO (n=8), PTX+PMA (n=JO) and vehicle+PMA ·(n=4). No significant 

differences. 
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Figure 24: Effect of PTX pretreatment on % change in Ama/Km (Panel A) and% 

metabolism (Panel B) during low flow. Mean± SEfor the modified first order reaction 

. - 3 ' . 
parameter, Ama/Kw and% metabolism for H-BPAP'by pulmonary ACE. Pre PMA I 

DMSO, before DMSO or PMA, and PMAIDMSO + 30, 30 min. after PMA or DMSO. 

PTX+DMSO (n=B), PTX+PMA (n=7) and vehicle+PMA· (n=3). .No significant 

differences. 
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PTX treated lobes did not differ between groups after PMA or-DMSO. In the absence of 

PTX, ;PMA reduced "Ama/Km by -19.~7±3.76 %. 
'' 

The percentage change in o/o ~etabolism of 3H-BPAP followed the same pattern 

as the Amw/~m data in these lobes. Again PTX pretreatment protected against decreas~ in 
. . ' . . -

%metabolism after PMA;_(-2.00±0.79% PMA+30 ·vs ~0.3S±1~:9o% DMS0+30, 'Figure 

24B). Values were similar after PMA or DMSO in PTX treated lobes. In the absence of 

PTX, PMA reduced% metabolism by -10.33±2.03%. 

The enzyme measures obtained after PTX and PMA did not differ from values in 

PTX + DMSO lobes but vehicle + PMA lobes exhibited significant decreases in Ama/Km 

and% metabolism. These data suggest that PTX protected against the ACE dysfunction 

seen after PMA-induced lung injury during low flow. 

3. Effect ofPTX on PMA-induced changes in Kr 

PTX alone had no effect on the Kr(Table VII) whereas PTX prevented increases 

in the Kr after PMA (Figure 25). In the absence of PTX, P1viA increased Kr to 

1.103±0.181 vs 0.228±0.045 ml"min-l.mmHg:.l.lOOg-1
, (P<0.05). Thus, at low flow PTX 

appears to protect against endothelial damage and increases in vascular permeability. 

4. Effect ofPTX on PMA-induced changes in circulating WBC and differentials 

Pretreatment with PTX almost doubled circulating [WBC] (Table VII), however 

PTX did not block the fall in circulating WBC after ·PMA. In the PTX pretreated lobes 

there was a significant decrease in WBC in the perfusate in response to PMA (369±84 vs 

2494±457 cells/~L, P<0.05, Figure 26) that was comparable to 'the decrease after PMA in 



Figure 25: Effect of PTX pretreatment on K1 (mlmin·1·mmHg·1.100g-1
), an index of 

vascular permeability to water, during low flow. Mean ± SE for J¥ Pre P MA I DMSO, 

before PMA or DMSO, and PMA I DMSO + 30, 30 min. after PMA or DMSO. 

PTX+DMSO (n=7), PTX+PMA (n=JO) and vehicle+PMA .(n=4). No· significant 

differences. 
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Figure 26: Effect of PTX pretreatment on circulating WBC counts (cellsiJJ,L) during low 

flow. Mean± SEfor WBC. Pre PTX, before PTX, Pre PMA I DMSO, before PMA or 

DMSO, and PMA I DMSO + 30, 30 min.· after PMA or· DMSO. PTX+DMSO (n=8), 

PTX+fMA (n=JO) and vehicle+PMA (n=4}.· *, P<0.05 vs Pre PTX #, ·P<0.05 vs Pre 

PMA.· 
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the absence of PTX (213±81 vs- 121 i±392 cells/J.LL, P<0.05). DMSO did not reduce 

circulating WBC counts (3707±723 vs .31~0±526 cells/J.LL, .~P<0.05). Although PTX 

mobilized WBC from the lung, it did not prevent the subsequent. WBC retention 

associated with PMA administration. 

In lobes with complete differential data there w~s a significant decrease in the 
' I . ' .• • 

number of circulating ·pMN in response to PMA (42±9 vs _ 660±107 PMN/J.LL,P<0.05 

Table VIII). When the percentage of circulating cells was analyzed there was a 

significant decrease in the percentage of circulatin~ PMN in Post PMA samples 

compared to Pre PMA (12.1±1. 7 vs 32.3±2.2 % PMN/J.LL, P<0.05). In control lobes the 

percentage of circulating PMN was significantly decreased after DMSO 29.0±2.6 vs 
. . 

34.6±2.3, however the number of circulating PMN was not statistically different. Thus 

PMA decreased the total number of circulating WBC and disproportionately decreased 

the number of circulating PMN. 

At low flow PTX completely prevented PMA-induced increases in Pa, PVR and 

Kr while preventing decreases in ACE enzyme ,activity. These data suggests that PTX 

given during low· flow perfusion protects against hemodynamic changes and the damage 

to the endothelium in response to PMA. PTX also increased total circulating WBC and 

the percent of circulating PMN. However, PTX treatment did not prevent the fall in both 

total WBC or PMN after PMA. 

5. Effect ofPTX on PMA-induced superoxide anion production by PMN 

When isolated canine PMN pretreated with PTX before PMA were compared to 



Table VIII. 
Circulating WBC differentials after PTX during low flow perfusion 

Cell type PrePMA PMA+30 PreDMSO DMSO+ 30 min · 
% cells/flL % cells/flL % cells/flL % cells/flL 

·wsc 100 2060 100 369* 100 3563 100 3781 
PMN 32.3±2.2 660 12.1±1.7* 42* 34.6±2.3 1271 29.0±2.6* 1081 
EOS 3.8±0.4 86 3.0±0.7 12* 4.1±0.6 153 3.0±0.6 94 
BAS 0.0±0.0 0 0.0±0.0 0 1.0±0.8 24 0.0±0.0 0 
LYM 57.1±3.0 1166 79.7±1.9* 295* 53.6±2.9 1840 62.4±3.1 * 2413 

MONO 6.8±1.1 149 ' 5.2±0.8 20* 6.6±0.8 276 5.6±1.5 195 ' 

Values are means ± SE denoting percentage of total WBC count represented by each type of leukocyte~ PMN, polymorphonuclear· 
- neutrophils; EOS, eosinophils; BAS, b.asophils; LYM, lymphocytes; and MONO, monocytes; Pre PMA, ~efore PMA; PMA+30, 30 

min .post PMA;. Pre DMSO, before DMSO; and DMS0+30, 30 min post DMSO. *, P<0.05 vs preceeding value. PMA (n=7) and 
DMSO (n=10). 
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. PMA treated PMN, PTX did not prevent superoxide anion generation (7.47 ±0.2 vs 

8.34±0.8 nmol/ 30 min/ 106 PMN respectively~ n=3). Thus PTX did not appear to inhibit 

the release of superoxide from PMN. 

J. Effects of PTX durin~ hi~h flow in the lung 

1. Effect of PTX on hemodynamics 

At the elevated flow rate Pa and PVR were unaltered by PTX (Table IX). This 

differed from the response at low flow where PVR significantly decreased in response to 

PTX. 

2. Effect of PTX on endothelial ACE activity 

PTX -did not alter Amax1Km (1038±32 vs 1059±32 ml/min) and significantly 

increased %metabolism during high flow perfusion (75.24±0.93· vs 74.46±1.06, P<0.05, 

Table IX). 

3. Effect of PTX on Kr 

PTX given during high flow perfusion did not· alter the calculated Kr indicating 

that PTX did not alter vascular permeability (Table IX). 

4. Effect of PIX on ch•culatin~ WBC and differentials' 

Over the first 1.5 hours of perfusion the percentage of circulating PMN decreased 

from 40.6±2.2 to 21.6±2.2 % PMN/J.LL (P<0.05) in Pre PTX vs Pre-perfusion samples 

respectively. As the percentage of PMN decreased the . percentage of circulating 

. . 

lymphoc)(:es was increased to 66.9±2.6 from 46.4±t'.'7 % L YM/J.LL (P<0.05) in Pre PTX 

vs Pre-perfusion samples respectively. PTX pretreatment nearly doubled circulating 

WBC (4521±566 vs 2563±447 cells/J.LL, P<O.OS, Table IX). PTX treatment caused PMN 



Table IX. 
Effect of PTX pretreatment during high flow in the lung · 

Measurement PrePTX PTX+30min 
Pa (cmH20) 52.3±2.7 51.3±2.7 

PVR ( cmH20'L -l.min) . 41.2±2.5 39.9±2.6 
Amax/Km (mVmin) 1038±32 1059±32 

%M 74.5±1.2 75.2±0.9* 
Kr(ml'min-l.mmHg-1.1 OOg-1

) 0.129±0.019 0.228±0.057 
WBC (cells·/ J.tL) 2563±447 4521±566 * 

Values are means ± SE. Pa, pulmonary artery pressure; PVR, pulmonary vascular 
resistance; Amax1Km, modified, first order reaction parameter for 3H-BP.Pf metabolism by 
pulmonary ACE; %M, % metabolism of 3H-BP AP; and Kr, capillary filtljation coefficient. 
*, P<0.05 PTX + 30 min vs Pre PTX. : 
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to be released from the lung into the perfusate since PTX increased the number of 

circulating PMN 3-fold (1488±219 vs 548±114 PMN/J.LL, P<0.05) and increased the 

percentage ofPMN to 33.4~1.9% from 21.6±2.2% of total WBC count (P<0.05). 

K. Effects ofPTX pretreatm~nt on PMA-induced lung injury during high flow 

1. Effect ofPTX on PMA~i~duced ch~tnges in hemodynamics 

PTX prevented PMA-induced increases in ·both Pa and PVR since values did 

not differ. between PTX+DMSO and PTX+PMA (Pa=48.5±3.6 cmH20 vs 44.1±3.1 

cmH20, P=0.07, respectively, Figure 27A) and (PVR=36.66±3.10 vs 34.30±3.3.82 

cmH20'L-t.min, P=0~29, resp~ctively, Figure .. 27B). ·Lobes treated with PTX vehicle 
. ~· . 

before PMA showed increases ·in Pa to 91.5±12.5 from 53.5±4.5 cmH20 (P<0.05) and 

PVR from 44.6±3.4 to 74.9±11.3 cmH2Q·L-Lmin (P<0.05). Thus, during high ·flow· 

perfusion PTX protected against the potent vasoconstrictor effects of PMA-induced 

injury. 

2. Effect ofPTX on PMA-induced changes in endothelial ACE activity .. 

Enzyme d~ta was analyzed as percent change between PTX + 30'(Pre PMA) and 

PMA+30'values. After PTX, PMA decreased Amax1Km (-5.50±1.82 % PMA+30 vs 

1.50±1_.26% DMS0+30, P<O.OS, Figure 28A), but PMA did not decrease% metabolism, 

P=0.08 (Figure 28B). Although PMA decreased Amax1Km after PTX, the decrease was. 

less than when PMA was given in the absence of PTX pretreatment (-14.67±3.38 % 

vehicle+PMA vs -5.50±1.82 % PTX+PMA, Figure 28A) before PMA. The smaller 

percentage change in Amax1Km and the fact that there was no change in % metabolism 
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Figure 27: Effect of PTX pretreatment on PMA-induced changes in pulmonary artery. 

pressure (Pa; Panei A) and pulmonary vascular resistance '(PVR; Panel B) during· high 

flow. Mean ± SE for Pa in cmH20 and PVR in cmH20 L-1.min. Pre PMA I DMSO, . 

before DMSO or PMA, and PMAI DMSO + 30, 30 min. after PMA or DMSO. 

PTX+DMSO (n=7), ·PTX+PMA (n=8) and vehicle+PMA (n=4). No significant 

differences.· 

n . 
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Figure 28: Effect of PTX pretreatment on % change in Ama/Km (Panel A) and % 

metabolism (Panel B) during high flow. Mean ± SE for the modified first .order reaction 

parameter, AmaJK~ and% metabolism-for 3H-BPAP by pulmonary ACE. Pre PMA I 

DMSO, before DMSO or PMA, and .PMAI DMSO ,+: 30, 30 fi'Ji~J. after PMA or DMSO. 

PTX+DMSO (n~6),. PTX+PMA (n=6), and vehicle+PMA (n=3). . No' significant 

. differences. 
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after PMA iri PTX pretreated lobes suggests that at the high flow PTX provided pro-

tection against the PMA-induced enzyme dysfunction .. In addition there was no 

significant difference l?etween the_ 'Yo changes in A~~/Km and % metabolism in the PTX. + · 
. . 

DMSO lobes and- the PTX + PMA lobes, providing further evidence that PTX protected· 

_against injury .. _ 

·3. Effect ofPTX on PMA-induced chcinges_in Kr 

Kr was unaffected by PMA after PTX treatment (Figure 29). There was no 

statistical difference between: the Kr- in PTX +PMA · and PTX +DMSO l~bes. In the 

absence ofPTX, PMA increased the Kr 0.761±.0.335 compared to 0.170±0.031 ml~min- · 

l.mmHg- 1.100g-1
• Thus, PTX completely prevented ~e PMA-induced increase in 

permeability at high flow. 

4. Effect of PIX on PMA-induced changes in circulating WBC and diffyrentials 

Figure 30 shows that PTX brought WBC out of the lung and into the circulating 

blood. PTX nearly doubled circulating WBC counts in the PTX +DMSO and PTX +PMA 

groups while there was no increase in the [WBC] in the vehicle pretreated group. 

However PTX did not prevent the fall in WBC after PMA and there was a marked 

decrease (603±96 vs 5057±829 cells/J.LL, P<0.05, Figure 30). With vehicle pre~eatment 

PMA markedly decreased circulating cells (99±19 vs 1339±374 cells/J.LL, P<0.05, Figure 

30). In vehicle control lobes [WBC] was increased by PTX and cells remained elevated 

after DMSO treatment (4023±718 vs 4180±724 cells/J.LL, P=0.67, Figure 30). 



Figure 29: Effect of PTX pretreatment on K1 (mlmin-1·mmHg-1·JOOg-1), an index of 

vascular permeability to water, during high flow. Mean ± SE for K1 Pre P MA I DMSO, 

before PMA or DMSO, and PMA I DMSO + 30, 30 min. after PMA or DMSO. 

PTX+DMSO (n=7), PTX+PMA (n=7) and vehicle+PMA (n=4). *, P<0.05 vs Pre 

PMAIDMSO. 
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Figure 30: Effect of PTX pretreatment on ·circulating WBC counts (cellsiJJ.L) during 

high flow. Mean± SEfor WBC. Pre PTX before PTX Pre PMA I DMSO, before PMA 

or DMSO, and PMA I DMSO + 30, 30 min. after PMA or DMSO. PTX+DMSO (n=8), 

PTX+PMA (n=6) and vehicle+PMA (n=4}. *, P<0.05 vs Pre PTX #, P<0.05 vs Pre 

PMA. 
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With the decrease in total circulating WBC after PMA in the PTX +PMA group 

there was a significant decrease in the percentage of circulating PMN (14.8±2.7 % of 

total WBC post PMA vs 33.8±3.6 % Pre-PMA, P<0.05, Table X). The actual number of 

circulating PMN decreased in response to PMA (92±26 vs 1612±379 PMN/JJL, P<0.05). 

In the absence of PMA the the number of circulating PMN remained elevated after PTX 

1213±206 vs 1413±246. 

At high flow PTX completely protected against PMA-induced increases in 

Pa, PVR and Kr while preventing decreases -~n ACE enzyme activity. Thes~ data show 

that PTX given during high flow perfusion protects against the hemodynamic changes 

and the damage to the endothelium in response to PMA. PTX also increased total 

circulating WBC and the percentage of circulating PMN. PTX treatment did not prevent 
. . . . 

the fall in total circulating WBC or PMN after PMA. This complete protection against 

PMA injury was also seen with PTX pretreatment during ~ow flow perfusion. 



Table X. 
Circulating WBC differentials after PTX during high flow perfusion 

Cell type PrePMA PMA+30 PreDMSO . DMSO+ 30 min 
% cells/flL % cells/flL % cells/flL % cells/flL 

WBC 100 4556 100 603* 100 4141 100 4023 
PMN 33.8±3.6 1612 14.8±2.7* 92* 34.0±1.8 1413 . 30.3±1.9* 1213 
EOS 3.0±0.7 134 3.7±0.7 22* 2.2±0.5 87 2.2±0.3 86 
BAS 0.0±0.0 0 0.0±0.0 0 1.0±0.4 41 0.5±0.2 18 
LYM 56.7±2.6 2533 75.5±2.6* 455* 56.7±1.5 2349 59.5±2.6 2378 

MONO 6.5±1.7 277 6.0±1.0 34* 6.2±1.0 251 7.5±1.8 328 

Values are means ± SE denoting percentage of total WBC count represented by each type of leukocyte.· PMN, polymorphonuclear 
neutrop~ils; EOS, eosinophils; BAS, basophils; LYM, lymphocytes; and MONO, monocytes; Pre PMA; before PMA; PMA+30, 30 
min post PMA; Pre DMSO,. before DMSO; and DMSO+ 30, 30 min post DMSO. *, P<0.05 vs preceeding value. PMA (n=6) and 
DMSO(n=6). 



DISCUSSION 

A. Pulmonary blood flow 

Little attention has been given to how pulmonary blood flow rate alters normal 

lung function or the response to lung injury; In the human lung blood flow rate is very 

variable ranging from SL/min during periods of rest to six times higher during heavy 

exercise (Gallagher, C.G., et al., 1988). In patients with a lung removed or destroyed by 

disease, pulmonary blood flows can increase by four to six times normal in the remaining 

lung during ordinary daily activities (Fowler, N.O. and J.C. Holmes, 1965). Because the 

lung is exposed to such a wide range of blood flow rates, it is important to consider how 
;j 

these different flow rates affect various lung functions. 

Due to my interest in how elevated blood flow rates affect endothelial functions I 

utilized a model that also allows me to study how flow rate alters the response to PMA-

induced lung injury. Using the isolated, perfused lung_I studied the effects of blood flow 

rate on various lung functions before and after injury with PMA. Most previous studies 

I 

have only examined the effects of various agents on lung injury at low or moderate blood 

flow rates. 

B. Effects of low blood flow rate on PMA-induced lung injury 

During perfusion at::::: 33% full vascular recruitment. PMA caus~s lung injury. 

-131. -
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PMA, a potent stimulator ofPMN (DeChatelet, L.R., et al. 1976 and Repine, J.E., 

1974), acts through a stereospecific receptor identified as protein kinase C (Castagna, M., 

et al, 1982). Previous work indicates that PMA is a potent vasoconstrictor in the lung 

(Allison, R.C. et al., 19~6 and Allison, R.C. et al. 1988). The increase in pulmonary: 

vascular resistance occurs in the presence or absence of blood components. In contrast 

the PMA-induced il)crease in ·vascular permeability occurs in isolated. lungs perfused 

with buffer and PMN or lymphocytes but not in lungs perfused with cell free media 

(Perry, M. et al., 1990 and Perry , M. and A. Taylor, 1988). In my study PMA 

administered at low flow or= 33% recruitment resulted in significant increases in both 

pulmonary artery pressure and pulmonary vascular permeabilitY. 

Pulmonary endothelial enzymes metabolize angiotensin I, 5 '- adenosine 

monophosphate (5'-AMP) an~ bradykinin. Decreased activity of pulmonary endothelial 

enzymes such as angiotensin converting enzyme (ACE) and 5'-nucleotidase (5'-NT) are 

early indicators of lung injury (Chen, X., et al., 1992 and Catravas, J.D. et al., 1988). 

Using a synthetic substrate for ACE, 3H-BPAP, I have shown that ACE activity is 

decreased after PMA injury in the partially recruited canine lung. Substrate metabolism 

(%metabolism) was also decreased after PMA and there was a significant decrease in 
) 

Ama/Km which we and others have shom:t to reflect enzyme dysfunction (Myers, C.L. 

and B.R. Pitt, 1988~ M~Cormick, J. R., et al., 19S7 Chen, x~·arid J.D. Catravas, 1992, and 

McCloud,. L;L. et al., 1997). 
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The increase in vascular permeability to PMA has been demonstrated in cultured 

endothelial mono layers and isolated perfused lungs (Shasby, D.M., et al., 1983, Allison, 

R.C. et al., 1986, and Allison, R.C. et al., 1988). With damage to the capillary wall it 

becomes leaky to proteins and fluid and pulmonary edema occurs.- Damage to the 

capillary endothelial cells is evidenced by membrane blebs, vacuolization, and membrane 

discontinuity (Taylor, R.G., et al., 1985). The Kr. increased more than three-fold after 

PMA in mY. study denoting increase in vascular permeability due to injury. 

Platelets, macrophages and PMN are activated by PMA treatment (O'Flaherty, 

J.T., et al., 1908, and Hoffman, M. and Autor, A.P., 1982). In my study circulating white 

blood cells counts and the perce11tage .9f total WBC represented by PMN decreased 

significantly after PMA. 

C. Effect of high blOod flow rate on PMA-induced lung injury 
' ' ' 

During perfusion at ~ 66% fu~l vascular recruitment PMA induces hin~ injuzy .. 

Perfusing the lung at = 66% recruitement increased _ perfused microvascular 

surface area as denoted by the_ increase in AmaxiKni compared to lungs perfused at low 

flow(:: 33% recruitment). However the decreased probability of PMN and endothelial 

cell interaction due to ihe increased blood flow did not protect the lung from injury to 

PMA. In the high flow group, as in the low flow group, endothelial ectoenzyme -

dysfunction occurred, as evidenced by decreased ACE activity, along with increases in 

pulmonary artery pressure and pulmonary vascular resistance .. Circulating white blood 

cells decreased as cells became activated -by PMA and sequestered in the lung. PMN 

were sequestered out of proportion to other WBC. 
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PMA treatment during perfusion at both low and high flow resulted in lung injury. 

At both = 3 3 and = 66% full vascular recruitmynt PMA produced injury characterized by 

increases in Pa, · PVR ~d K~ and decreases in ACE activity and circulating WBC. 

Differentials cell counts showed that at both flow rates circulating PMN were 

significantly decreased in response to PMA. Increasing blood flow rate did not prevent 

the PMN-mediated lung injury. 

In my 51Cr-PMN studies there is a discrepancy between the retention of 

radiolabeled cells and differential WBC data indicating retention of PMN by the lung. 

The radiolabled cell data in: ~e high flow exp~riments seem ,to suggest that there is no 

' . . . 

difference in PMN. sequestration between· PMA-injured and .control lungs. The 

different~ated WBC count contradicts this data as PMN counts. remained unchanged in 

control lobes but fell significantly aft~r PMA at both flows. We have conf1m1ed the 

circulating WBC data with both manual and automated counts. 

'Because the interpretation of the 51Cr-PMN data feqllires. that the 51Cr label 

remain on the PMN, I tested the hypothesis that PMN. may have lost label. Duplicate one 

ml blood samples were collected just before harvesting the lung· at the end of twelve 

experiments. The total radioactivity was measured in the whole blood and the sample 

was centrifuged and radioactivity measured in the plasma and·cell fractions. The 51Cr · · 

counts present in the plasma were compared to 51 Cr counts in the whole blood to 

determine the percent of 51Cr free in the plasma. This analysis showed that 68.9±2.5 % 

(n=24) ·of the 51Cr was. free in the plasma. Because 69% of the label came off the PMN, 
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51 Cr counts are unreliable to quantitate PMN sequestration. There~ore, the differentiated 
\ ' 

circulating WBC counts· that showed a decrease in circulating PMN in response to PMA 

. . 
appear .. to be· a more valid measure of PMN. uptake by the lung. Differ~ntial counts 

indicate that PMN are sequestered in response to PMA at both low and high flow. 

D. Effect of isoproterenol on lung injury 

P-adrenergic agonists have been shown to have "anti -edema'' properties in various 

organs. Isoproterenol and terbutaline are two P-agonist that prevent edema in response to 

histamine and bradykinin in the dog hindlimb and hamster cheek pouch preparations 

(Grega, G.J. et al. 1980). ISO attenuates microvascular pemieability by increasing 

intracellular 3 '5 '-cyclic adenosine monophosphate via a pathway involving G5 protein . 

and adenyl cyclase. Adenosine 3'5'-cyclic monophosphate then inhibits the ATP and 

Ca2
+ -dependent contraction of cytoskeleton myofibrils in endothelial and epithelial cells 

mediated by myosin light chain kinase. This results in the spreading of endothelial cells 

to reduce intercellular gaps in venules and cultured mono layers (Wu, N .Z. and A.L. 

Baldwin, 1992 and Lum, H., and A. B. Malik, 1994). 

The vasodilatory properties of ISO have also been used to explain the protective 

effects of the drug. In the sheep (Bonsignore, M.R., et al.,1988 and Foy, T., et aL, 1979) 

the protective effect of ISO in air embolism and septicemia-induced lung injury may have . 

resulted from ISO-induced reductions in microvascular surface area or capillary pressure. 

Others (Grega, G. J., et al., 1980) also suggested that, by causing vasodilation, ISO can 

reduce microvascular pressure and therefore decrease transvascular fluid filtration and 

protein flux and minimize edema formation. 
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yet another mechanism proposed to describe how cAMP ·elevati~~ agents such as 

ISO prevent or attenuate permeability changes is that these agents alter the function of 

formed blood elements such as platelets or neutrophils. In vitro studies indicate that ~-

adrenergic agonist-induced. activation of adenyl 'cyclase· inhibits the thrombin-induced 
. . 

·adherence of granulocytes to endothelial cells (Boxer, A., et al., 1980) and platelet 

aggregation in response to thrombin (Yu, S.K. and J.G. Latour, 1977). ISO altered 

granulocyte responses during thrombin-induced lung injury in sheep (Minnear, F .L., et 

al., 1986). In the above study the decrease in circulating leukocyte counts In response to 

thrombin· in the ISO pretreated group was transient and circulating WBC increased to a 

value above baseline values 180 minutes after thrombin infusion. In contrast there was a 

sustained decrease in leukocytes in the thrombin control group. 

Other. studies have attempted to separate the hemodynamic and permeability 

effects of ~-agonists in the lung. · A study supP,orting hemodynamic protection by 

isoproterenol reported that post-treatment with isoproterenol reduced the increased lung 

lymph flow in response to Pseudomonas bacteremia (Foy, T., et al., 1979). However, the 

study also showed that the same agents did not affect the endotoxin-induced decrease in 

selectivity of the endothelial barrier to various sized solutes. These findings suggest a . 

hemodynamic mechanism may mediate ~-agoni~t protection. 

In other studies pretreatment with isoproterenol and aminophylline, both of which 

increase cAMP, attenuated increases in pulmonary vascular pressures and permeability in 

blood perfused isolated rabbit lungs subjected to intratracheal instillation of hydrochloric 
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acid (Mizus, I., et *1.,' 1985). These same agents along with dibutyryl adenosine 3'5'-

cyclic monophosp~ate (cAMP) and prostaglandin E1 attenuated increases in pulmonary 

vascular pressures ' and permeability in isolated rabbit lungs ' perfused with Kr~bs- ' 

Henseleit buffer and subjected to the intravenous infusion of oxidant lipid _peroxide 

(Farrukh, I. S., et al., 1987). ISO also prevented increases in permeability and vascular 

resistance in iso~ated, perfused rat lungs subjected to ischemia-reperfusion injury 

(Adkins, W.K., et al., · 1992). In this study baseline Kr and vascular resistance 

I 

measurements were performed then ischemia was produced by stopping perfusion and 

ventilation for 2 hours. ISO was given after the 2 hour ischemia period and reperfusion 

was begun. At 1 hour post reperfusion; Kr and vascular resistance measurements were 

repeated. Ischemia-reperfusion alone increased Kr and caused a transient increase in 

pulmonary artery . pressure and . increases in both pre- and postcapillary vascular 

resistances. ISO prevented tll.e increase in Kr, the transient .increase in pulmonary artery 

pressure and the overall increase in vascular resistance. Other agents known to elevate 

cAMP, like forskolin and dibutyryl aqenosine 3'5'-cyclic inonophosphate, were also 

found to have pr9tective effects similar to ISO. These findings support the hypothesis 
~ . ' . . 

that ~-agonists directly affect endothelial permeability in the lung by increasing ·cAMP. 
' - . ~ 

In a study more similar to the present·. study the ability of pretreatment with 

adenosine, isoproterenol ~d the· adenosine A1 and A2,.receptor agonists, 2-chloro-N6
-

cyclopentyladenosine and 2-[p-(2-carb~xyethyl) phenethylamino ]-5' -N-ethylcarbox-

amido adenosine, ~espectively, to protect against PMA-induced lung injury was examined-
I 
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(Adkins, W.K., et al., 1993). Using the isolated, blood perfused canine lung lobe . 

baseline Kr, capillarY pressure and vascular resistances were measured. Lobes were then 

pretreated with the protective agents 10 min before injury with PMA. Final measures of 
\ 

Kr, capillary pressure and vascular resistances were· made at the end of 1 hour. 

Adenosine, isoproterenol or A2 agonists blocked the increase in Kr and slightly atten1:1ated 

the vacular resistance increase to PMA. The A1 agonist also slightly attenuated the 

increase in Kr but did not affect the resistance increase. The authors concluded that the 

protective effects of adenosine may be through an increase in cAMP mediated by 

activation of adenyl cyclase. They also suggested that isoproterenol by increasing cAMP 

may have inhibited leukocyte phagocytic activity or directly acted on the endothelium to 

provide protection. 

ISO has also been reported to reverse increases . in permeability in isolated, 

perfused· rat lungs subjected to ischemia-reperfusion injury (Seibert, A.F ., et al., 1992) . 

. In this study ISO was administered after 45 minutes of ischemia and 46 minutes after the 

s~art of_ reperfusion. ISO treatment resulted in a significant decrease in the Kr. In 
. . ' . 

addition to the decrease in Kr, the authors also noted a significant increase in perfusate 

cAMP levels. Since forskolin and: dibutyryl cAMP also reversed the increases in 

microvascular permeability, they concluded. that t~e . increase in Kr associated with 
. ..- . 

ischemia-reperfusion can be reversed by cAMP elevating agents, such as ISO, forskolin 

and dibutyryl cAMP. Moreover, cAMP appears necessary for the observed change 

because other explanations, such as a loss of surface area or hemodynamic cl;langes, were 

ruled out as a cause of the decreased Kr. 
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E. Effect of isoproterenol on PMA-induced lung injury at high flow 

ISO pretreatment protects against PMA-induced lung injury during perfusion at 

full recruitment. 

·My study is the first. to examine the protective effects of ISO against PMA

induced injury in the fully r~cruited 'lung; I compared the ability of ISO, to pro~ide 

protection against lung injur)r at both low blood. flow rates in a partially recruited lung, 

and at near full. vascular recruitment. We have previously shown that elevating blood 

flow to ·fully recruit the lung does not increase vascular permeability or resistance 

(Ehrhart, I. C., et al. 1994 and Orfanos, S.E., et al., 1997). 

Pretreating lobes ·perfused at high ·flow with ·I so· prevented PMA-induced 

increases in Pa, Pdo and PVR and also abolished decreases in Ama/Km and % metabolism 

of 3H-BPAP. ISO caused a significant increase in plasma cAMP levels compared to 

saline-treated control lungs. The increased cAMP level was sustained even after PMA 

treatment. ISO pretreatment resulted in a significant increase in Kr and this was further 

increased after PMA. 

In lobes perfused at low flow, pretreating with ISO did not prevent increases in 

Pa, Pdo or ·pvR. Although the ACE enzyme data showed a trend downward in response 

to PMA afte.r ISO pretreatment (Amw/Km = 491±39 vs 542±21 ml/min and% metabolism 

= 70.4±2.4 vs 74.0±1.1) data was lost in two lobes and statistics could not be performed. 

While K(tended.to increase (0.377±0.131 vs 0.177±0.026 ml'min-I.cmH20'100g-1
) in 

response to PMA at low flow in lobes that were not pretreated with ISO; the change was 
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not significant. ISO alone did not increase the Kr and reduced the tendency for Kr to 

increase after PMA. 

All other isolated lung studies involving the protective effect of ISO in lung injury 

were performed at low flow where ISO was found to prevent or attenuate the increase in 
- . 

Kr. My study is the first to e:Xamin~· ISO protection in .the fully recruited lung. I foood 

that ISO Jncreased vascular permeability when given at elevated . blqod flow rate. 

However, the increase in the Kr was not caused by the increased flow since saline control 

lungs perfused at the same flow rate did not exhibit an increase in Kr until after PMA. 
. . . 

Although Kr was .increased after ISO when. compared to the pre ISO value, th~ pre and 

post ISO Krvalues did not differ from pre and post vehicle values respectively. 

Even with the increase in Kr after PMA in the ISO pretreated lungs, ISO 

attenuated the permeability increase observed in the vehicle pretreated PMA lungs. 

Furthermore, all ISO pretreated lungs lasted after data collection at 30 minutes po~t PMA. 

However in the NaCl + PMA group, the final Kr measurement could ·only be completed 

in three of the six lungs. The remaining three lungs filtered fluid so rapidly that the 

perfusion system was emptied of blood before final Kr measurements could be obtained .. 

This further substantiates the protective effects of ISO. Although the Kr more than 

doubled in response to PMA after ISO pretreatment, ISO did protect against the extreme 

increases in permeability observed after PMA alone at such ele·vated blood flow rates 

(Orfanos, S.E., et al., 1997). 

Even at full vascular recruitment ISO protected against PMA-induced lung injury 

in the present study. The protective effects of ISO at high flow were probably not due 
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simply to hemodynamic effects although the pulmonary artery and double occlusion 

pressures and pulmonary vascular resistance did not change in response to PMA. ·ISO 

given before PMA at low flow did not protect against vascular pressure increases yet 

there appeared to be somt? protection against permeability increases. 

The protection offered by ISO is most likely related to the ability of ISO to both 

increase cAMP and alter interactions between PMN and endothelial cells. The high 

blood flow could have contri_buted to minimizing injury by decreasing the ability of PMN 

to form microenvironments with endothelial cells and release their damaging oxidants 

and proteases. Although both the ability of ISO to protect against lung injury and the 

ability of increased shear stress _to prevent PMN adherence to endothelium have been 

studied, they have not been examined together.· Elevated flow alone did not prevent the 

PMN mediated injury after PMA .. However, high flow enhanced the protective effect of 

ISO since less injury was ·apparent at high flow than low flow. At high flow ISO 

protected against increases in pulmonary vascular pressures but not at low flow. It is 

possible that ISO caused some changes in the PMN or endothelial cells that reduced their 

interaction and that, together with the increased shear stress, may have provided the 

protection seen with high flow perfusion. 

F. Effect of PTX on lung injury 

PTX protects against various forms of lung injury. 

Pentoxifylline, a methylxanthine derivative with potent hemorheologic properties 

(Samlaska, C.P. and E.A. Winfield; 1994), is marketed in the United States for treatment 

of intermittent claudication. PTX appears to act primarily by increasing red blood cell 
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deformability, thereby reducing blood ·viscosity to decrease the potential for platelet 

aggregation and ·thrombus formation (Ward, A. and Clissold, S.P., 1987). Human and 

animal studies have also shown that PTX therapy results in a variety of physiologic 

changes at the cellular level that may also be be important in treating a diverse group of 

human diseases (Samlaska, C.P. and E.A. Winfield, 1994 and Ward, A. and Clissold, 

S.P., 1987). 

· Because PTX. increases cAMP and modulates ieukocyte function, it has been 

investigated ·as a potential agent for treating the adult respiratory distress syndrome 

(ARDS). ARDS is a multifactorial disorder, characterized by diffuse injury of pulmonary· 

vascular endothelium and alveolar epithelium, resulting in incre~sed pulmonary vascular 

permeability, diffuse alveolar infiltrates, decreased lung compliance, · hypoxemia and 

· respiratory failure (Lin,· H., et al., 1990). ARDS is associated with a high mortality rate 

despite the many advances in the therapeutic approaches to treat the syndrome since it 

was first described in 1976. 

Several studies have investigated the ability of PTX to provide protection against 

· various forms of lung injury. PTX reduces ischemia-repetfusion injury in isolated rat 

lungs (Reignier, J., et al., 1994) and in isolated rabbit lungs (Normandin, L., et al., 1995). 

PTX given after one hour of ischemia. and before a two hour reperfusion period 

attenuated the increase in Kr, prevented changes in the hemodynamic parameters and 

decreased PMN sequestration (Reig~er, J~,_ et al., 1994). After lung transplantation PTX 

preserved the . endothelium-dependent relaxation in pulmonary vessels during warm 

reperfusion (Normandin, L., et al., 1995). AlthC?.ugh the researchers used different 
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methods to evaluate lung injury, the above studies found that PTX administration before 

' ' 

reperfusion resulted in significant reduction in lung injury. They suggested that part of 

the protective effect of PTX was .a direct effect of PTX on PMN sequestration and 

activation. This finding is supported by others who have shown that PTX did not attenu-

ate acute lung injury to E. Coli lipopolysaccharide (LPS) in the absence of PMN 

(Y onemaru, M., et al., 1991 ). Specifically these authors reported that 1) PTX did not 

prevent lung injury in granulocyte-depleted guinea pigs, 2) PTX did not prevent LPS-. . 

induced increases in endothelial eel~ permeability in the absence of P.MN, despite 

increased cAMP levels; and 3) PTX·atte~uated PMN-depende~t increases in _endothelial 

cell permeability. 

· In an· -experiment designed to mimic_. ARDS, the isolated rat lung infused with 

PMA was used to test the ability of PTX to reduce acute lung injury· (Lin, H. et al., 1990). 

The authors measured lung we!gQt, pulmonary artery pressure ~d albumin concentration 

of lung lavage fluid as i~dices ·ot lung injury. In rats, PTx pre~eatment significantly 

reduced PMA-mediated increases in pulmonary· artery pressure, lung weight gain and the 

albUmin concentration of the lavage fluid. These authors speculated that the protective 

effects. of PTX were due to in~reases in intracellular concentrations of cAMP; however 

cAM~ was riot measured in their stUdy. 

Whethe~ PTX could protect against PMA..;induced lung injury it.l the isolated 

canine lung and the role of blood flow rate played in .providing protection against lung 

injury were the questions I sought to address. Since PTX increases WBC de(ormability 



144 

and may decrease PMN retention by the lung, the effect PTX had on total and differential 

white blood cell counts was also examined. 

G. Effect of PTX pretreatment on PMA-induced lung injury 

PTX pretreatment at ::: 33 and 66% full vascular recruitment prevented PMA

induced lung injury. 

PTX prevente4 the potent vasoconstrictor effects of PMA in as much as 

pulmonary artery pressure and pulmonary vascular resistance increases to PMA were 

completely blocked by PTX pretreatment. PTX also prevented endothelial enzyme 

dysfunction and increases in Kr in· response to PMA. My data show that PTX helped 

maintain both the function of the endothelial ectoenzyme and the integrity of the 

endpthelial barrier at both lo":' and high flow rates. My findings agree with those of 

various other researchers who have shown protection "from several types of lung injury· by 

PTX (Welsh, C.H., et al., 1988, McDonald, R. 1991, Yonemaru, M., et al., 1991, Lin, H., 

et al., 1994, Normandin, L.,. et al., 1995). I am the first to demonstrate that ISO or PTX 

protect against PMA-induced decreases in ACE activity. In contrast to the protection 

·provided by ISO that appears to be flow dependent with protection seen at high but not 

low flow, PTX protection was flow independent. 

In addition, PTX pretreatment significantly increased circulating WBC within one 

· minute after PTX was given as a bolus into the venous reservoir. This study is the first to 

report such a rapid and marked release of cells from the lung in response to PTX or any 

other treatment. These WBC are released from the lung since PTX had no effect on 
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[WBC] when added io blood circulatingthrou~h the. perfusion system in the absence of a 

lung (1567±488 cells/f.lL vs 1353±416 cells/f.lL, n=6). 

PTX treatment approximately doubled circulating [WBC] which corresponds to 

. . - . . 

approximately a twenty-fold reduction in the WBC pool in ·the lung since the circulating 

blood volume is at least twenty times more than the lobe blood volunie. In PTX +DMSO 

lobes the circulating [WBC] was significantly increased by PTX and remained elevated 

after DMSO. This rel~ase of WBC from the lung may be due to the reported effe.cts of 

PTX to increase leukocyte deformability. Not only was the· total circulating WBC count 

elevated in response. to PTX but the percentage of circulating PMN was also increased 

after PTX. Regardless of its ability to cause such ·a massive release of WBC from the 

lung initially, PTX did not prevent ~e fall in WBC or PMN that occured to PMA·. 

Although PTX does not prevent the fall in WBC after PMA, PTX still appears to provide 

protection against PMN-medhited lung injury. 

My data suggest that the protective effect of PTX in this preparation is not due to 

preventing PMN sequestration in response to PMA but to other known effects of PTX 

such as increases in cAMP or direct effects on the endothelium and PMN. My data also 

show that pretreating isolated PMN with PTX at the same dosage used in the lung did not 

inhibit the PMA-mediated release ofsuperoxide. Thereby, this in vitro data suggest that 

in my model PTX protection against P.MA-induced lung injury is not due to the inhibition 

of PMN superoxide production. 

Many mechanisms have been proposed to explain the ability of PTX to protect 

against various ~orms. of lung injury although no consensus has been reached. These 
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mechanisms include improved microcirculatory blood flow, decreased cytokine 

production, amelioration of reperfusion injury, and direct inhibition of second messengers 

(Waxman, K., 1998). 



SUMMARY AND CONCLUSIONS 

1. PMA causes lung inj~r_y independently ofbloodtlow rate 

a. During perfusion at both= 33% and= 66% full recruitment PMA fncreased Pa, 

PVRandKr·· 

b. During perfusion at both= 33% and= 66% full recruitment PMA decreased 

ACE activity. 

c. During perfusion at both= 33% and= 66% full recruitment PMA decreased 

circulating WBC counts and resulted in sequestration of PMN. 

THUS, these data suggest that increasing blood flow rates through the isolated 

perfused lung does not prevent PMN-endothelial cell interactions mediated by activation 

withPMA. 

2. ISO did not protect against the hemodynamic effect~ ofPMA at low flow 

. a. ISO pretreatment did not protect against PMA-induced increases in Pa, PVR or 
' -· 

Pdo during low flow perfusion. 

b. The effects of ISO pretreatment on PMA-induc~d decre~ses in ACE activity 

could not be determined. 

c. ISO pretreatment attenuated PMA-induced increases in Kr. 

d. ISO pretreatment tended to elevate plasma cAMP levels. 

147 
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3. ISO pretreatment protects aiainst PMA-induced lung injury at high flow 

a. ISO pretreatment blocked PMA-induced increases in Pa, PVR and Pdo in the 

fully recruited lung. 

b. ISO pretreatment blocked PMA-induced decreases in ACE activity in the fully 

recruited lung. 

c. ISO pretreatment attenuated PMA-induced increases in Krin the fully recruited 

lung. 

d. ISO pretreatment increased cAMP lev~ls both pre- and post PMA in the fully 

recruited lung .. 

THUS, my data suggest that flow rate alters the protective effect of ISO against 

PMA-induced lung injury in the isolated canine lung. ISO protected against lung injury 

in the fully recruited lung as pre~iously reported by others in the partially recruited lung. 

In contrast ISO did not protect against .·the 1:1emodynamic effects of PMA during low flow 

perfusion in ~is study. ·At low flow ISO did prevent permeability increases. During high 

:flow perfusion ISO completely blocked all hemodynamic changes in. response PMA

induced injury and markdely attenuated the increase in permeability. The .protective 

effect of ISO may have resulted from increase~ in, cAMP whic~ prevented injury by 

inhibiting PMN function or acting directly on the endotheliwn. . This protection may have 

been enhanced by the increase in blood flow rate which could have decreased the abi~ity 

of PMN to adhere and . cause damage or increased the washout of inflammatory 

mediators. 
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4. PTX protects against PMA-induced lung injury independent of blood flow rate 

a. During perfusion at both= 33% and = 66% full recruitment PTX protected 

against PMA-induced increases in Pa, PVR and Kr. 

b. During perfusion at both= 33% and = 66% full recruitment PTX protected 

against PMA-induced decreases in ACE activity. 

c. During perfusion at both= 33% and .= 66% full recruitment PTX pretreatment 

markedly increased circulating WBC and PMN counts~ PTX, however, did not prevent 

the fall in WBC·ancJ PMN after PMA treatment at either flow rate. 

THUS, my data suggest that in contrast to ISO, PTX protects against PMA

induced lung injury in both the fully and partially recruited lung .. The ability of PTX to 

protect may be related to its ability to directly affect the PMN. Evidence of PTX effects 

on PMN is the marked and immediate release of cells from the lung after PTX treatment. 

Nevertheless, the concentration of PTX used in our study did not inhibit the release of 

superoxide from PMN or the sequestration of PMN in response to PMA. Thus other 

mechanisms must be involved in provid~ng the protection. 
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