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Bacteremia in pigs and sheep are discussed together 
because both pigs and sheep, as well as goats, cows 
and cats, have prominent pulmonary intravascular 
macrophages. These animal species develop acute 
respiratory failure following an initial exposure 
to bacteria or endotoxin (Dehring and Wismar 
1989a). It is not known if prominent pulmonary 
intravascular macrophages and developing pulmo
nary dysfunction with sepsis is a coincidental or a 
causative relationship. Only a few studies have ex
amined whether potential mediators of septic dys
function are released from pulmonary intravascular 
macrophages. 

Not all septic patients have bacteremia detected 
(Ruokonen et al. 1991). The host inflammatory re
sponse to infection contributes to the pathogenesis 
of the sepsis syndrome. The monokines tumor ne
crosis factor and interleukin-1 are believed to play 
a central role in the sepsis syndrome (Dinarello 
1984; Stephens et al. 1980; Fong et al. 1990). How
ever, any potential therapeutic maneuvers need to 
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be assessed to ensure that the natural host defense 
system against live organisms is not impeded. 

Pigs and sheep given different septic insults ex
hibit the cardiopulmonary symptoms characteristic 
of clinical sepsis: pulmonary hypertension, hypox
emia, increased intrapulmonary shunt fraction, 
pulmonary edema, and a hyperdynamic circula
tion, with high cardiac output and decreased sys
temic vascular resistance and arterial pressure 
(Zapol and Snider 1977; Parker and Parillo 1983; 
Hyers and Fowler 1986). These models have been 
used to study the role of various mediators; hemo
dynamic function, including the right ventricle, the 
response to therapy with volume, inotropes, or 
vasodilators, and the effects of preexisting condi
tions. Ovine endotoxin models are discussed else
where (see Traber, pp 1031-1047). 

Historical Perspective 

Recognition of the connection between acute respi
ratory failure and sepsis (Clowes et al. 1970; Fulton 
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and Jones 1975) led to frustration with the then 
available septic animal models. Dogs or rodents 
given large boluses of endotoxin or bacteria rarely 
developed pulmonary edema, hypoxemia, or a hy
perdynamic circulation (Anderson et al. 1975; Hin
shaw et al. 1979). 

Ovine Model 

An anatomic abnormality in sheep, the drainage of , 
lung lymph into a single lymph node, allowed de
termination of the volume and protein content of 
interstitial fluid in chronically-prepared, awake ani
mals given a septic challenge. In addition, sheep are 
docile and tolerant of chronic studies in the awake 
state, eliminating the confounding effects of anes
thetics. Infusing live Pseudomonas aeruginosa 
(105 _1010) resulted in a biphasic lymph flow re
sponse. A pulmonary hypertensive or hydrostatic 
phase initially developed, with elevated flow of 
lymph, with lower protein concentration. A second 
permeability phase then ensued with elevated flow 
of lymph with high protein content, which is a non
cardiogenic pulmonary edema (Brigham et al. 
1974). Endotoxin infusion (0.07 -1.33 f..lg/kg) pro
duced similar, biphasic lymph flow changes (Brig
ham et al. 1979). Most subsequent ovine research 
has utilized endotoxin, due to the easier prepara
tion and possibly more reproducible results. 

Porcine Model 

The similarities of the physiology and anatomy of 
"short pigs" and "long pigs" (humans) have been 
espoused (Dodds 1982; Phillips 1989). A porcine 
model of bacteremia was developed, in which live 
p. aeruginosa (109120 kg/min) were continuously 
infused into a central vein. The pulmonary dys
function, consisting of pulmonary hypertension, 
edema, hypoxemia, and increased intrapulmonary 
shunt fraction, resembled adult respiratory distress 
syndrome. However, the pigs quickly developed a 
hypodynamic circulation, with low cardiac output, 
hypotension, and a high systemic vascular resis
tance (Crocker et al. 1981a). 

Quantitative bacterial cultures of pulmonary ar
tery and aortic blood from the porcine pseudomo
nas model demonstrated that 45 - 65 0,10 of the bac
teria were removed in the lung. Quantitative tissue 
cultures amazingly showed that the lung was the 
major phagocytic organ (Crocker et al. 1981 a, b). 
Crocker et al. (1981 a) compared pulmonary intra-

vascular clearance rates for infused P. aeruginosa 
(109120 kg/min) in dogs and pigs. Dogs removed 
only 10- 20% in the pulmonary circulation, while 
pigs trapped approximately 65% of the bacteria in 
the lungs. In contrast to the pigs, the dogs did not 
develop respiratory dysfunction. However, dogs, as 
well as rats, mice, guinea pigs, rabbits, and man, all 
accumulate particulates in the hepatic Kupffer cells 
and splenic macrophages (Bull 1915; Hopkins and 
Parker 1918; Lund et al. 1921; Harrow et al. 1975; 
Brown et al. 1983; Buchanan and Wagner 1985). 

The importance of the pulmonary clearance 
mechanism was demonstrated in a study of sple
nectomized pigs infused with pneumococci (109). 

The splenectomized bacteremic pigs actually had a 
lower mortality rate of 18%, compared to the 42% 
seen in pigs with an intact spleen (Izbicki et al. 
1991 b). By contrast, humans have higher morbidi
ty and mortality with Gram-positive septicemia 
after splenectomy. 

Pulmonary Intravascular Macrophages 

The anatomist Wismar (1981; Dehring et al. 1983a) 
found that the pulmonary capillaries of these 
bacteremic pigs contained macrophages, that had 
phagocytized bacteria, degenerated neutrophils, or 
other cellular debris. The macrophages demon
strated "desmosome-like attachments and peg-like 
interdigitations with the capillary endothelium;' In 
retrospect, pulmonary macro phages in capillaries 
were recognized at the light microscopic level by 
Hopkins and Parker (1918) in cats infused with 
streptococci. Schneeberger-Keeley and Burger 
(1970) clearly demonstrated them with transmis
sion electron microscopy in cats. Rybicka et al. 
(1974) found resident intracapillary macrophages 
in calves. 

Warner et al. (1986) published morphometric 
studies in sheep infused with particulate substances 
(iron oxide). The pulmonary intravascular macro
phages PIMs, as she was the first to name the cell, 
occupied 15% of the capillary volume. PIMs filled 
25% of the capillary volume in pigs and adhered 
mainly to capillaries adjacent to the interstitium, 
rather than the gas exchanging, alveolar-capillary 
membrane (Winkler and Cheville 1987). The junc
tional adherences between PIMs and endothelial 
cells are electron opaque and resemble the zonula 
adhaerens present in epithelial cellular connections 
(Bertram 1986; Winkler 1988). 

The PIMs of sheep phagocytized both infused 
bacteria and endotoxin (Warner et al. 1987, 1988; 
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Dehring et al. 1989 a). The pulmonary intravascular 
clearance rates of P. aeruginosa were over 80070 dur
ing the infusion of 5 x 107 P. aeruginosa/min for 
1 h in sheep (Dehrihg et al. 1989a). The lungs accu
mulated over 95% of a bolus of P. aeruginosa, 
compared to the 2% in the lungs of pseudomonas
infused rats (Warner et al. 1987). 

The PIMs were also activated and phagocytic 
after intratracheal inoculation of swine influenza 
virus of Haemophilus pleuropneumoniae into pigs. 
Infectious agents in the airways induced intra
capillary neutrophil and platelet aggregation and 
phagocytosis of neutrophils by the PIMs (Bertram 
1986; Winkler and Cheville 1986). Intramuscular 
African swine fever virus localized, and then multi
plied, within the PIMs. The number of PIMs were 
also increased by this virus (Sierra et al. 1990). 

The proceedings of a Federation of American 
Societies for Experimental Biology Mino-Sympo
sium and two recent review articles discuss addi
tional information about PIMs (Winkler 1988; 
Staub 1989a; Warner and Brain 1990). 

PIMs Entry into the Lungs 

Studies using pigs of various ages have shown that 
these animals are not born with PIMs. However, 
monocytes accumulate in the pulmonary capillaries 
by 3 - 7 days after birth (Winkler and Cheville 
1984, 1985, 1987). These developmental aspects 
correlate with the physiologic responses to infused 
particulates. Infused radiolabeled Salmonella typh
imurium were phagocytized in the spleen, rather 
than in the lungs of newborn pigs. Injected colloi
dal carbon also accumulated in the spleen and liver, 
rather than the lungs of these newborn pigs (Mou
ton et al. 1963). 

Although no developmental studies have exam
ined the entry of monocytes into the pulmonary 
capillaries of sheep, preliminary studies showed 
that newborn lambs do not develop pulmonary hy
pertension with lipid infusion. Pulmonary hyper
tension did result from lipid infusion in lambs more 
than 2 weeks old (Staub 1989b). 

Characteristics of Isolated PIMs 

Little is known about the cellular characteristics of 
PIMs, which are difficult to isolate. Isolated por
cine PIMs released both cyclooxygenase and lipox
ygenase mediators when stimulated by endotoxin 
or the calcium ionophore A23187. PIMs also re-

leased superoxide anion and tumor necrosis factor 
in response to phorbol myristate (Bertram et al. 
1988; Staub 1989b). Preliminary data showed that 
the isolated PIMs are also capable of phagocytosis, 
adhere to plastic, and possess receptors for the Fc 
portion of immunoglobulins (Staub 1989b). PIMs, 
like other macrophages, also demonstrated nonspe
cific esterase and beta galactosidase (Morton and 
Bertram 1988). 

Isolated porcine PIMs formed intercellular ad
hesion plaques within hours, when exposed to en
dothelial cells derived from either the pulmonary 
artery or cornea (Morton and Bertram 1988). The 
unknown signal for endothelial attachment clearly 
arises from the isolated PIMs, since the attach
ments were not specific to pulmonary artery endo
thelial cells. 

Significance of PIMs 
in Respiratory Dysfunction 

It has been hypothesized that sepsis-induced acute 
respiratory failure was more likely to occur in ani
mal species that phagocytized particulates in the 
lung (Crocker et al. 1981 a; Dehring et al. 1983 a). 
The animal species with prominent PIMs 
developed pulmonary hypertension with bacteria 
or endotoxin infusion, phagocytized particulates in 
the lungs rather than the liver and spleen, and had 
low levels of the opsonic protein, fibronectin (Table 
1; Dehring et al. 1983 a; Dehring and Wismar 
1989a). Sheep with low fibronectin levels accumu
lated colloidal carbon in their lungs, but dogs or 
rats with high fibronectin levels did not have pul
monary concentrations of colloidal carbon (Nie
haus et al. 1980a). The colloidal carbon was found 
phagocytized in the lungs of sheep, rather than em
bolized, as was originally believed (Niehaus et al. 
1984). 

The role of macrophages as effector cells in sep
sis has been emphasized (Filkins 1985; West 1988). 
Both tumor necrosis factor and interleukin-1 repro
duce elements of the septic response (Stephens et 
al. 1980; Movat et al. 1987; Mathison et al. 1988; 
Michie et al. 1988). The location of PIMs would al
low rapid distribution of released monokines to the 
systemic circulation. 

We attempted to determine the importance of 
phagocytosis of bacteria in the lung damage. Live 
P. aeruginosa (0.35 - 2.9 x 109) were selectively in
fused into the left pulmonary artery of sheep. The 
injury was compared between the left phagocytic 
lung and the right lung exposed only to hemato-
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Table 1. Characteristics of humans shared with animal PIMs in Humans 
species sensitive or resistant to developing sepsis-induced 
acute respiratory failure (Dehring and Wismar 1989a) Humans share characteristics with both the "PIM-

Sensitive 
(pigs, sheep, 
cows, goats, 
cats) 

Pulmonary Many 
intravascular 
macrophages 

Pulmonary Yes 
localization of 
particulates 

Fibronectin Low 
level 

Pulmonary Yes 
hypertension 

Endotoxin 
sensitivity 

Yes 

Humans Resistant 
(dogs, rats, 
mice, 
baboons, 
rabbits) 

Few Few 

No No 

Low High 

Yes!? No 

Yes No 

Some exceptions exist to this categorization. Baboons 
have low fibronectin levels, and cats are resistant to en
dotoxin. Humans develop pulmonary hypertension with 
adult respiratory distress syndrome, but it is not 
predominantly mediated by thromboxane. Lung local
ization of particulates can be induced in humans and 
other animal species with few pulmonary intravascular 
macrophages. 

genous mediators (Loick et al. 1991). The left lung 
blood flow was measured by Doppler flow probe, 
to ensure that bacteria did not have retrograde flow 
into the right lung. The wet/dry weight of the left 
lung increased, while the right lung did not change. 
The neutrophil sequestration was equally high in 
both lungs. The bilateral neutrophil sequestration 
was therefore attributed to hematogenous media
tors. Morphometric counts of the neutrophil gran
ules were performed on electron micrographs from 
the right and left lungs. The neutrophils from the 
left lung were more degranulated. The degranula
tion indicates neutrophil activation with extrusion 
of enzymatic granules. The neutrophils were there
fore selectively stimulated to degranulate in the left 
lung, where bacteria were phagocytized by PIMs. 
This study cannot determine if the left-sided injury 
was from the phagocytic PIMs and/or from the se
lectively activated neutrophils. However, it is proba
ble that monokines and other mediators released 
from the PIMs induced the selective, local activa
tion of the neutrophils. 

rich" and "PIM-poor" animal species (Table 1). 
Humans have low fibronectin levels (Saba and 
Jaffe 1980), develop pulmonary hypertension with 
sepsis (Zapol and Snider 1977), and are sensitive to 
endotoxin (Michie et al. 1980), as the "PIM-rich" 
species are. However, phagocytosis occurs predomi
nantly in the liver and spleen of humans (Buchanan 
and Wagner 1985). 

We demonstrated that the lungs of humans con
tained phagocytic intravascular macrophages. The 
patients had chronic, noninfectious diseases. Mor
phometric studies were not performed in these sur
gical specimens, but it was our impression that 
PIMs were rare in humans relative to the number 
seen in pigs or sheep (Dehring and Wismar 1989 b). 

Induction of PIMs in "PIM-Poor" Species 

An intriguing hypothesis is that activated 
monocytes can sequester in the pulmonary capillar
ies and mature to functional macrophages. Lung 
localization of particulates in man provides indirect 
evidence supporting this hypothesis. Patients with 
intraabdominal sepsis, liver or hematologic diseas
es accumulated radiolabeled colloids in their lungs, 
liver, and spleen (Keyes et al. 1973; Klingensmith 
and Ryerson 1973). An older study, before the ad
vent of antibiotics, indicated that circulating 
bacteria may be phagocytized in the lungs of hu
mans. Ottenberg (1931) performed quantitative 
cultures of the internal jugular venous blood and 
systemic arterial blood in patients with acute bacte
rial sinusitis. He corrected for the dilution of the 
internal jugular vein blood with the remainder of 
the cardiac output, and found that central venous 
bacterial concentrations were higher than arterial 
concentrations. He concluded that, "The lungs [of 
humans] may be the primary places of filtration:' 

Studies in animal species with few PIMs showed 
that monocytes mature into macrophages in the 
pulmonary capillaries of rats given endotoxin 
(Freudenberg et al. 1985; Warner et al. 1989) or ba
boons exposed to hyperoxia (Francica et al. 1988). 
It has not been determined whether more PIMs in
crease the susceptibility to sepsis. Rabbits or rats 
given endotoxin accumulated iron oxide or radio
labelled colloid in the lungs (Cooper et al. 1988; 
Warner et al. 1989), which indicates that lung 
phagocytic activity was occurring. 
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Types of Bacteremic Animal Models 

Many animal models have been developed to mimic 
the cardiopulmonary changes of clinical sepsis. As 
emphasized above, the pigs and sheep with promi
nent PIMs mimic the respiratory dysfunction pre
sent in clinical sepsis. 

Continuous and Short Infusions 
of Gram-Negative Bacteria 

The continuous infusion of live P. aeruginosa in
duces acute respiratory failure (Crocker et al. 
1981 a; Dehring et al. 1983 a; Sielaff et al. 1987 b) 
and is felt to mimic the continuous bacteremia 
from a septic process. This is a terminal model, 
based on the experimental design, since the bacteri
al infusion is not stopped and antibiotics are not 
administered. 

A short infusion or bolus of bacteria has been 
utilized in many experiments to simulate an inter
mittent bacteremia. This type of protocol allows 
the host defense systems to function, and it demon
strates the concurrent and sometimes serial activa
tion of mediators. A hyperdynamic circulation is 
produced by limiting the P. aeruginosa (5 x 107/ 

min) infusion in sheep to 30-60 min (Dehring et 
al. 1989a). 

Gram-Positive Bacteria 

Gram-positive bacteria also induce the sepsis syn
drome (Wiles et al. 1980). The lipopolysaccharide 
present in gram-negative bacteria is not mandatory 
for adult respiratory distress syndrome of a hyper
dynamic circulation (Redl et al. 1989). Continuous 
infusion of live S. aureus was compared to P. 
aeruginosa in spontaneously breathing, anesthe
tized pigs. The pulmonary intravascular clearance 
rates were 75frlo for the 4 h in which S. aureus (109/ 

20 kg/min) were infused. Pulmonary hypertension 
developed without hypoxemia or pulmonary edema 
during the infusion of the gram-positive bacteria. 
The cardiac index decrease was less severe with the 
S. aureus infusion (Dehring et al. 1983 a). Infusion 
of 1.5 x 109 group B streptococci in awake sheep 
also induced pulmonary hypertension but no 
change in pulmonary vascular permeability (Rojas 
et al. 1981). 

Neonatal Models 

Sepsis in neonates is a devastating disease. Rapid 
clinical deterioration of blood pressure is character
istic, rather than the "warm shock" of a hyperdy
namic circulation (Bell 1985). The "neonatal" pigs 
used in these studies are over 5 days old. The PIMs 
therefore are present and functional in these animal 
models (Winkler and Cheville 1984). 

Neonatal Peritonitis Models. Peritonitis was in
duced in anesthetized, ventilated, 7 - 14 days old 
pigs with i. p. administration of sterilized feces in
oculated with live E. coli (Lobe et al. 1986). This 
peritonitis model quickly developed a hypodynam
ic circulation and has been used to assess various 
drugs and methods of supporting the circulation 
(see below). 

Neonatal Gram-Positive Bacteria. Gram-positive 
bacteria frequently cause sepsis in human neonates. 
Infusions of 5 x 106 group B streptococci to anes
thetized, mechanically ventilated pigs, 1 - 4 weeks 
old, induced pulmonary hypertension. The cardiac 
index, mean arterial pressure, and mesenteric blood 
flow decreased after 55 min of infusion. Metabolic 
acidosis ensued after 2 h (Meadow and Meus 1986). 
In addition, 10-16 day old anesthetized, mechani
cally ventilated piglets were infused with group B 
streptococci (2 X 109/kg over 30 min). The hypox
emia that developed resulted from decreased pul
monary blood flow and alveolar ventilation/perfu
sion mismatching, without a significant increase in 
intrapulmonary shunt fraction (Sorensen et al. 
1985). 

The organ distribution of radiolabelled group B 
streptococci (1 x 108/kg/min for 15 min) was deter
mined in 5 -10 day old pigs. The lung and liver 
contained almost equal amounts of radio labelled 
bacteria 45 min after stopping the bacterial infu
sion. However, quantitative bacterial cultures 
showed there were only half as many bacteria alive 
in the PIMs, as in the hepatic Kupffer cells. Al
though less than 5frlo of the bacteria collected in the 
spleen, 80frlo were still viable (Bowdy et al. 1990). 

Hemodynamic Abnormalities 

Hypodynamic Models 

A hypodynamic circulation with low cardiac out
put and mean arterial pressure and high systemic 
vascular resistance is rare in clinical sepsis and re-
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sults from inadequate fluid resuscitation or repre
sents the terminal stages (Parker and Parillo 1983). 

Gated blood pool studies assessed right and left 
ventricular function in anesthetized pigs infused 
with 2 x 108 E. coli/kg. The right ventricle end-dia
stolic volume transiently increased after 1 h. The 
left ventricle end-diastolic volume gradually de
clined during sepsis. Volume loading increased 
both right and left ventricle end diastolic volumes. 
The failure to increase the cardiac output at a high
er preload represented myocardial depression 
(Schneider et al. 1986). 

The left atrial pressure was lower than the 
pulmonary capillary wedge pressure, due to the in
creased pulmonary venous resistance in anesthe
tized, mechanically ventilated pigs receiving E. coli 
(Fretschner et al. 1989). The pulmonary capillary 
wedge pressure may therefore overestimate the left 
ventricular preload in this hypodynamic model. 

Therapy for Hemodynamic Dysfunction 

The role of inotropes and colloid or crystalloid vol
ume resuscitation has been studied in porcine 
bacteremic models. The cardiac output, mean 
arterial pressure, right ventricle (RV) ejection frac
tion, and RV end diastolic volume all decreased, as 
demonstrated by gated blood pool studies in anes
thetized, ventilated pigs infused with live E. coli 
(3 - 4 x 108/kg over 2 h). Vigorous infusion of a 
colloidal solution (30 mllkg/h) after stopping the 
bacterial infusion did not return the cardiac output 
to baseline. The addition of dobutamine (5 -10 I-lg/ 
kg/min) or norepinephrine (0.25 I-lg/kg/min) re
turned the cardiac output to baseline. The RV ejec
tion fraction increased with both drugs, but only 
noradrenaline increased the mean arterial pressure 
and coronary perfusion pressure (Schneider et al. 
1987). 

Infusion of the pulmonary and systemic 
vasodilator prostacyclin, decreased the pulmonary 
hypertension, but oxygenation was not altered in 
pigs infused with P. aeruginosa. The systemic 
vasodilation improved the cardiac index (Steinberg 
et al. 1983). The cardiac index was maintained at 
baseline for several hours by milrinone, which 
stimulates the jf-adrenoceptors by inhibiting phos
phodiesterase and increasing cAMP. However, dele
terious hypotension then developed in the anesthe
tized, ventilated pigs given live E. coli (109/kg/h; 
Lindgren et al. 1990). 

Hyperdynamic Models 

Hyperdynamic sepsis has not been produced in the 
porcine model. Despite the use of various doses of 
P. aeruginosa and vigorous volume resuscitation, a 
hyperdynamic circulation did not reproducibly oc
cur in anesthetized, ventilated pigs (Mustard et al. 
1989). However, anesthetized pigs infused with E. 
coli (2 x 108/kg) demonstrated a significant in
crease in hindlimb flow of radioactive blood, with 
decreased splenic activity. The cardiac output was 
not increased, but the systemic arterial pressure and 
vascular resistance decreased (Teule et al. 1984). 

A short infusion of live P. aeruginosa (5 x 107/ 

min for 30 - 60 min) or E. coli endotoxin (1l-lg/kg 
over 30 min) yielded a hyperdynamic circulation, 
following an initial hypodynamic circulation in 
sheep (Talke et al. 1985; Dehring et al. 1989a). The 
hemodynamic response was found to be dose-de
pendent in sheep infused with 1, 5, and 25 x 107 P. 
aeruginosa/min for 30 - 60 min. The lower dose 
(1 x 107 bacteria/min) increased cardiac output 
and decreased systemic vascular resistance 6 - 18 h 
after the bacterial infusion. The middle dose 
(5 x 107 bacteria/min) induced an initial hypody
namic circulation (decreased cardiac index, hypo
tension, and increased systemic vascular resistance) 
and subsequent hyperdynamic circulation from 
6-12 h. The high dose (25 x 107 bacteria/min) pro
longed the hypodynamic circulation from 4 - 18 h 
and delayed the increase in cardiac index to 24 h 
(Dehring et al. 1989b). 

Direct bronchoscopic instillation of live P. 
aeruginosa (5 - 7.5 x 1010) three times within 36 h 
also produced a hyperdynamic circulation by 48 h 
(Keenan et al. 1987). The induction of peritonitis in 
sheep also yields a hyperdynamic circulation (see 
Martin et aI., pp 1119-1131). 

Hemodynamic Manipulation 
in Neonatal Models 

Resuscitation with colloid solution required only 
one third the volume relative to crystalloid infusion 
in piglets given group B streptococci (1010 /kg over 
45 min; Bressack et al. 1987). The response of neo
natal animals to vasodilators depended on the se
verity of the hemodynamic insult. When group B 
streptococci were titrated to decrease cardiac out
put by 300/0 in piglets, administration of tolazoline 
increased cardiac output. Systemic and pulmonary 
pressure were decreased equally (Meadow and 
Meus 1984). Neither nitroglycerin nor nitroprus-
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side effectively decreased pulmonary hypertension 
in anesthetized, ventilated pigs, 1- 3 weeks old, in
fused with group B P streptococci (5 x 107/kg/ 
min). However, the cardiac index was significantly 
decreased by both nitroglycerin and nitroprusside, 
without reducing the pulmonary hypertension with 
a more severe septic insult (Rudinsky et al. 1987). 

The effects of inotropes and vasopressors were 
also determined in neonatal models. Dopamine 
(10 Ilg/kg/min), naloxone, and prostacylin were of 
no overall benefit, although the cardiac output and 
mean arterial pressure transiently improved in a 
neonatal peritonitis model, that received i.p. sterile 
feces inoculated with live E. coli (Lobe et al. 1986). 
A similar model of peritonitis showed that 50 Ilg/ 
kg/min of dopamine did increase cardiac output 
(Vane et al. 1982). The a-agonist phenylephrine in
creased systemic pressure, but the cardiac output 
decreased and the pulmonary hypertension was not 
diminished in pigs infused with group B streptococ
ci (Meadow et al. 1986). 

The effects of heparin were determined in the 
previously described porcine peritonitis model. Al
bumin (5OJo, 10 mllkg/h) was started when the car
diac output decreased by 20% and then either 
heparin (25 units/kg/h) or an equivalent volume of 
lactated Ringer's solution were then infused. The 
heparin minimized the leukopenia, delayed the de
crease in blood pressure and cardiac output, and 
prolonged the duration of survival (Griffin et al. 
1990). 

Extracorporeal membrane oxygenation (EC
MO) allowed three of four animals to survive for 
24 h in this same model. The septic controls sur
vived a mean of 13.8 h. However, the animals died 
after withdrawal of ECMO (Griffin et al. 1991). 

Mediator Manipulation 

Cyclooxygenase Inhibitors 

Pulmonary hypertension from thromboxane releas
ed during bacterial infusion is a characteristic of 
animal species with prominent PIMs, such as pigs, 
sheep, goats, cats, and cows (Dehring and Wismar 
1989a). The high pulmonary vascular resistances 
resulted from increased resistances in both the 
precapillary pulmonary vascular bed and venous 
system, based on analysis of the pulmonary capil
lary wedge tracing of pigs receiving live E. coli 
(Fretschner et al. 1989). 

Administration of the cyclooxygenase inhibitor 
indomethacin 20 minutes after startin~ continuous 

infusions of live P. aeruginosa (2 x 108120 kg/min) 
reversed the pulmonary hypertension and hypox
emia in spontaneously breathing, anesthetized pigs. 
Indomethacin delayed the decrease in cardiac index 
by 1.5 h and doubled the survival time (Dehring et 
al. 1983 b). Similar changes were seen with sulin
dac, a cyclooxygenase inhibitor which was thought 
to not inhibit the beneficial renal vasodilator pros
taglandins (Steinberg et al. 1987). Ibuprofen also 
reversed pulmonary hypertension and hypoxemia 
and lowered extravascular lung water (EVLW) for
mation (Kopolovic et al. 1984). However, a similar 
study found that ibuprofen did not diminish the 
EVLW (Lee et al. 1986). 

Blockade of thromboxane A2 was found to be a 
major benefit, since thromboxane synthetase inhib
itors were as effective as cyclooxygenase inhibitors 
in an anesthetized, ventilated porcine model given 
graded infusions of 109 Aeromonas hydrophila. 
However, infusion of a thromboxane A2 agonist 
produced pulmonary hypertension, hypoxemia, 
and decreased the cardiac index, but the agonist did 
not increase the wet/dry lung weights (Slotman et 
al. 1986). 

Recent studies in the porcine pseudomonas 
model have provided additional details about why 
ibuprofen is beneficial. Bronchoalveolar lavage was 
performed at baseline and 300 minutes after P. 
aeruginosa (1.5 x 108/20 kg/min for 1 h). Ibupro
fen pretreatment attenuated the neutrophil migra
tion into the alveolus, and it also prevented the 
leakage of small-sized plasma proteins into the al
veoli. However, the alveolar macrophages from the 
ibuprofen treated animals demonstrated decreased 
superoxide anion production, which was felt to rep
resent down regulation of the alveolar macro
phages (Jenkins et al. 1991). These investigators 
also demonstrated that neutrophils isolated from 
the blood of septic pigs had increased production 
of hypochlorous acid. Ibuprofen pretreatment at
tenuated the increased production of hypochlorous 
acid by neutrophils (Carey et al. 1990). Ibuprofen 
also prevented the increase in static and dynamic 
compliance that was seen by 30 min in pigs infused 
with P. aeruginosa (1.5 x 108120 kg/min for one 
hour). The increase in EVLW, slope index (the ratio 
of radiolabeled human albumin in the lung relative 
to the heart), and protein in bronchoalveolar lavage 
occurred at 120, 150 and 300 min respectively. 
These increases were greater in the control group, 
relative to the group pretreated with ibuprofen. The 
decreased compliance at 30 min was felt due to me
diator release, since the increase in EVLW did not 
occur until 120 min. Thromboxane A2 also has 
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bronchoconstrictive properties (Byrne et al. 1990). 
Using the same bacterial and ibuprofen regimen, 
ibuprofen pretreatment also decreased the percent
age of neutrophils in the bronchoalveolar lavage, 
but it did not affect the peripheral leukopenia 
(Byrne et al. 1991). 

Multiple agent, pharmacological treatment was 
employed in pigs continuously infused with 
pseudomonas (2 x 108120 kg/min). The adminis
tration of ibuprofen, methylprednisolone, cimeti
dine, diphenhydramine, and ketanserin 20 min after 
starting the bacterial infusion, reversed the pulmo
nary hypertension. The cardiac output and Pa02 
were maintained at baseline levels for approximate
ly 2 h (Sielaff et al. 1987 b). The ibuprofen and his
tamine H j and H2 blockers were found to be the 
necessary components (Sielaff et al. 1987 a). Ad
ministration of the ibuprofen, diphenhydramine 
and cimetidine could be delayed to 90 min and still 
exert beneficial cardiopulmonary results and pro
long survival time (Byrne et al. 1990b). Ranitidine 
was as effective as cimetidine in this polypharma
cologic treatment (Byrne et al. 1990a). 

Pretreatment with either cyclooxygenase or 
combined cyclooxygenase/lipoxygenase inhibitors, 
ketanserin, or dipyrimadole did not prevent the ac
tivation of the fibrinolytic and coagulation systems 
in pigs given E. coli (109 /kg/min for 2 min and 
then 109 /kg/h; Svartholm et al. 1987, 1988). The 
cyclooxygenase/lipoxygenase products clearly are 
not the only mediators of septic dysfunction. 

Interestingly, prostacyclin and thromboxane A2 
metabolite levels were measured in different animal 
species, and found to be equivalent in: (1) rats given 
109 subcutaneous Aeromonas hydrophilia; (2) pigs 
given (109) A. hydrophilia; (3) dogs bolused with 
5 x 109 E. coli; or (4) patients with severe sepsis or 
septic shock (Yellin et al. 1986). This study did not 
determine which cells released the cyclooxygenase 
metabolites or the resultant physiologic conse
quences. It is not known if the pulmonary hyper
tension is so prominent in sheep and pigs because 
the short acting thromboxane is released primarily 
in the lung or because their pulmonary vasculature 
is hyperreactive or sensitive to prostaglandin vaso
constrictors. 

Even infusion of relatively inert substances, such 
as liposomes and vascular tracer dyes induced pul
monary hypertension in sheep. Indomethacin 
pretreatment prevented the pulmonary hyperten
sion resulting from the liposomes or vascular 
tracers (Albertine and Staub 1986; Miyamoto et al. 
1988). Pretreatment with a platelet activating factor 
receptor antagonist (CV3988) reduced the pulmo-

nary hypertension and thromboxane B, concentra
tions by about 60070 following liposomes in prelim
inary ovine studies (Miyamoto 1989). 

Cyclooxygenase Blockade in Neonatal Models 

Inhibition of cyclooxygenase synthesis was also 
beneficial in neonatal models receiving gram-posi· 
tive bacteria. Indomethacin, ~iven 15 min after the 
start of a continuous infusion of group B strepto
cocci in pigs, improved cardiac output, systemic 
blood pressure, owgenation, and decreased pulmo
nary hypertension (Runkle et a!' 1984). Pretreat· 
ment with Dazmegrel, a thromboxane synthetase 
inhibitor, blocked the pulmonary hypertension 
from streptococci infusion. The decrease in 
pulmonary blood flow and arterial oxygen tension 
was delayed for 1-2 h (Truog et al. 1986). Adminis
tration of Dazmegrel after 2 h of infusing strepto
cocci (5 x 108/kg/h) reversed the pulmonary hyper
tension, but the gas exchange was not improved 
(Truog et al. 1988). The pulmonary hypertension 
resulting from infusion of heat-killed group B 
streptococci in slightly older pigs was also reversed 
with early administration of Dazmegrel ('Thrpey et 
al. 1987). 

Monokines and MonocyteslMacrophages 

Although studies have been published that demon
strate the response of sheep to tumor necrosis 
factor, few studies have examined the release of 
monokines during bacteremia in these animals spe
cies. In vitro assays were used to measure tumor 
necrosis factor (TNF) and interleukin-l (IL-1) in 
anesthetized pigs infused with E. coli (4 x 109 /kg 
over 90 min). This dose of E. coli is lethal within 3 
days. These researchers had previously demonstrat· 
ed that plasma exchange with fresh frozen plasma 
decreased the levels of septic mediators. They were 
trying to assess whether the plasma exchange or the 
infusion of fresh frozen plasma was the important 
aspect of treatment. The TNF levels were increased 
by sixfold, 30 min after stopping the bacterial infu
sion and remained elevated. A sixfold increase in 
IL-l also occurred 30 min after stopping the 
bacterial infusion, while the 20-fold increase of 
IL-l was delayed to 6 h. The plasma exchange with 
albumin lowered the TNF levels to baseline by 4 h, 
but the fresh frozen plasma infusion did not affect 
the TNF levels. Neither plasma exchange nor fresh 
frozen plasma infusion altered the delayed increase 
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in IL-l. The TNF and IL-l levels were initially well 
correlated with the "central shock parameters" of 
cardiac index, mean arterial pressure, and urinary 
output during the first 4 h but not after the last 4 h 
of the study. Endotoxin levels were lower only in 
the plasma exchange group. However, the cardiac 
index and survival were improved in both the plas
ma exchange and plasma infusion groups. The au
thors concluded that any therapy affecting the 
cytokines needed to be administered early and 
probably only affected the early time period after 
bacteremia, since the second peak in IL-l did not 
have any hemodynamic correlates. In addition, the 
authors stated that the prolonged increase in TNF 
was more characteristic of septic insults that uti
lized live bacteria, and endotoxin induced shorter 
durations of increased TNF (Busund et al. 1991). 

The role of the monocyte/macrophage system 
was studied by pretreating pigs with the liposome
encapsulated muramyl tripeptide, a stimulant of 
monocytes and macrophages. Tumoricidal and an
tiviral activities are increased by muramyl tripep
tide. The liposomes, with the macrophage stimu
lant, were administered 24 h before a bolus of 109 

pneumococci. Less severe neutropenia occurred in 
the pigs pretreated with the muramyl tripeptide. 
The bacterial clearance from the blood was en
hanced. The death rate decreased from 48 % to 5 % 
with stimulation of the monocyte/macrophage sys
tem. These authors did not discuss PIMs, but they 
did demonstrate that splenectomy did not affect 
the lethality of pneumococcal sepsis in pigs (Izbicki 
et al. 1991). 

Neutrophils 

The ability of neutrophils as well as macrophages, 
to release oxygen free radicals, proteolytic enzymes, 
and other toxic mediators, makes these cells pro
bable important effectors in the pathogenesis of 
sepsis-induced acute respiratory failure. Few studies 
have directly addressed the role of neutrophils by 
performing neutrophil depletion. 

The partial removal of neutrophils was studied 
in pigs who received E. coli (3.6x 109/kg) over 
25 min. Leukophoresis was started at 135 min. An 
estimated 15 x 109 neutrophils were removed over 
6 h, but the number of white blood cells was only 
slightly lower with leukophoresis and sepsis. The 
neutrophils' ability to migrate returned almost to 
baseline levels after leukophoresis. Lower levels of 
endotoxin and higher cardiac outputs occurred 
with leukophoresis, but survival was not affected 

by the leucofiltration (Rokke et al. 1990). However, 
the more stimulated neutrophils sequester in the 
capillaries, and they therefore cannot be removed 
by leukophoresis. 

A more selective technique for studying the role 
of neutrophils utilized the monoclonal antibody 
60.3. This antibody blocks the CD 18 adhesion-re
ceptor complex on the neutrophil surface and pre
vents neutrophil adhesion to the endothelium. The 
antibody was administered 15 min before starting 
live P. aeurginosa (1.5 x 109120 kg/min for 1 h). 
Pretreatment with the monoclonal antibody 60.3 
significantly attenuated the systemic neutropenia, 
the increase in extravascular lung water, and the in
creased protein concentration and number of neu
trophils in the bronchoalveolar fluid. The hypody
namic circulation, pulmonary hypertension, and 
hypoxemia were not altered by the monoclonal an
tibody (Walsh et al. 1991). The CD 18 effects were 
therefore independent of the hemodynamic status. 

Pentoxifylline 

Pentoxifylline affects the function of both 
neutrophils and macrophages. Pentoxifylline de
creases neutrophil adhesiveness, degranulation, su
peroxide prodution, the chemotactic response to 
the cytokines IL-1 and TNF, and the release of TNF 
by macrophages. Pentoxifylline has been beneficial 
in rodent endotoxin or peritonitis model (Sullivan 
et al. 1988). Pentoxifylline also induces a reversible, 
time dependent impairment of in vitro phagocyto
sis of neutrophils, monocytes, and macrophages, 
with decreased production of superoxide anion 
(Bessler et al. 1986). However, the ability of 
neutrophils to kill S. aureus in vitro was not im
paired (Sullivan et al. 1984). Pretreatment with 
pentoxifylline in a porcine model of fecal peritoni
tis minimized the increase in systemic vascular re
sistance, decreased the in vitro leukocyte adhesive
ness, and decreased the morphologic lung damage 
and pulmonary leukosequestration (Tighe et al. 
1990). The beneficial effects were believed due to 
inhibition of fibrin formation in the peritoneal cav
ity, allowing the natural defense systems to func
tion better. 

The continuous infusion of group B streptococ
cus (1.25 x 109/kg/h for 4 h) into pigs increased the 
TNF levels from 2 - 4 h. This increase was delayed, 
compared to the earlier peak with Gram-negative 
bacteria or endotoxin. A pentoxifylline bolus 
(20 mg/kg) and continuous infusion (20 mg/ 
kg/h) was started 30 min before the bacterial infu-
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sion. The pentoxifylline lowered the pulmonary ar
tery pressure at 4 h and prevented the dramatic in
crease in TNF at 4 h. The cardiac output was higher 
at 1 and 2 h and the Pa02 was higher at 4 h, but 
the blood pressure was lower at 4 h with pentox
ifylline pretreatment (Gibson et al. 1991). It is un
clear whether the incomplete benefit resulted from 
mediators against which pentoxifylline has no ef
fect, or if the level of pentoxifylline was inadequate 
to inhibit the bioactivity of TNF. 

Complement 

The anaphylatoxin C5a, released from activation of 
the alternate pathway of the complement system, 
attracts and activates neutrophils (Sacks et al. 
1978). The complement system was depleted before 
the continuous infusion of live P. aeruginosa in 
pigs (2 x 108 120 kg/min). Pretreatment with Naje 
haje cobra venom factor activates complement 
component C3, which eventually depletes C3. C3 
is the branchpoint for activation of the classical 
and alternate complement pathways. The animals 
with depleted C 3 developed significantly less hy
poxemia, pulmonary hypertension, and had lower 
EVLW (Dehring et al. 1987). These results were in 
contrast to endotoxic sheep, in which complement 
depletion had no effect on the pulmonary hyper
tensive or permeability phases (Flick et al. 1986). 
However, depletion of C 3 in bacteremic sheep 
shortened the duration and lessened the increase in 
lymph flow. In addition, no hyperdynamic circula
tion occurred in these bacteremic sheep with C 3 de
pleted (Dehring et al. 1990). 

Steroids 

Methylprednisolone (30 mg/kg) given 20 and 
120 min after the start of continuous P. aeruginosa 
infusion in pigs (2 x 108120 kg/min) improved the 
cardiac index, but it did not alter the pulmonary 
permeability or hypertension (Kopolovic et al. 
1986; Harvey et al. 1987). Methylprednisolone 
(30 mg/kg) at 2.5 h did not improve the cardiac 
output or left and right ventricular ejection frac
tions in anesthetized, ventilated pigs receiving E. 
coli (3 - 4 x 108 /kg over 2.5 h; Schneider et al. 
1987). 

Miscellaneous 

N-Acetylcysteine functions as an oxygen free radi
cal scavenger. However, pretreatment and a contin
uous infusion of N-acetylcysteine did not affect the 
hemodynamic, biochemical or albumin permeabili
ty detected in the lungs and abdomen of pigs given 
live E. coli (11 x 108 over 90 min; Groeneveld et al. 
1990). Dimethylthiourea, a putative hydroxyl radi
cal scavenger, attenuated pulmonary hypertension 
and improved oxygenation in 3 - 8 day old pigs giv
en group B streptococci (108 /kg/min for 60 min). 
The dimethylthiourea was started 10 min after the 
bacterial infusion. However, the thromboxane levels 
were the same between groups, so an unknown 
mechanism, independent of thromboxane, was 
postulated as the beneficial effect of the dimethyl
thiourea (Shook et al. 1990). 

Opiate antagonists have a controversial role in 
the treatment of sepsis. Both naloxone and bu
prenorphine, a partial opiate agonist, transiently 
improved cardiac index and metabolic acidosis, but 
they did not affect survival at 3 h in a porcine mod
el receiving E. coli (3.6 x 108/kg over 2 h; Donald
son et al. 1988). 

Effects of Preexisting Conditions 

One criticism of the acute bacterial infusion mod
els is that the studies are performed in intact ani
mals, while many patients have prior surgery, trau
ma, or infection. Some studies have examined the 
effects of preexisting or coexisting conditions. 

The effect of opsonic deficiency was studied in 
anesthetized, ventilated sheep by administering de
natured collagen, to decrease the levels of the fibro
nectin. The collagen was presumably phagocytized 
by the PIMs. Some 30 min after the collagen infu
sion, live P. aeruginosa was administered both i.v. 
(5x 109) and intraperitoneal (5x 10lD). The lung 
lymph flow increased fourfold in the animals re
ceiving P. aeruginosa and tenfold in the animals 
with low fibronectin levels from collagen infusion. 
The wet to dry lung weights were higher in the fib
ronectin-depleted bacteremic animals (Niehaus et 
al. 1980b). 

The converse experiment, with augmentation of 
fibronectin levels, has also been performed. Sheep 
were given human recombinant fibronectin and 
then live P. aeruginosa (5 x 108) or saline. The 
bacteremia did not alter the plasma levels or clear
ances of fibronectin. The lung concentration of 
fibronectin was greater in the bacteremic animals. 
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The fibronectin acts as part of the interstitial ma
trix in the lung, so this was surmised as a beneficial 
effect (Charash et al. 1991). However, the site of 
bacterial phagocytosis, the physiologic correlates of 
enhancing lung fibronectin levels, and whether the 
fibronectin was phagocytized by the PIMs were not 
studied. 

function of the PIMs. Neither a 7 -10 day old inha
lation injury nor a preceding infusion of the col
loidal resuscitation fluid hydroxyethyl starch 
(3 mIl kg for 12 h, started 24 h before the bacteria) 
affected the rates of pulmonary intravascular clear
ance of bacteria. The cardiopulmonary response 
was also not altered by the earlier hydroxyethyl 
starch (Lubbesmeyer et al. 1990). However, the pre
ceding inhalation injury led to an exaggerated car
diopulmonary response, which implied that the 
PIMs had been primed (Dehring et al. 1987). 

The chronic sheep model infused with live Ps. 
aeruginosa (5 X 107/40 kg for 30-60 min) has been 
utilized to test the effects of preexisting conditions 
on the hemodynamic response and the phagocytic 

Table 2. Therapy in endotoxic pigs 

Study 

Olson 1987 

Cohn et al. 1991 

Modig et al. 1987 

Olson et al. 1987 

Modig and 
Sandin 1987 

Fink et al. 1989 

Schrauwen and 
Houvenaghel 1984 

Schrauwen and 
Houvenaghe1 1985 

Olson et al. 1986 

Roise et al. 1989 

Endotoxin 

5 Ilg/kg for 1 h 
2llg/kgx 3 h 

250 Ilg/kg 

Continuous 
10 Ilg/kg/h 

5 Ilg/kg for 1 h 
3.5 Ilg/kg for 3.5 h 

Continuous infusion 
10 mg/kgx 6 h 

200 Ilg/kg 

0.5 mg/kg bolus; 
anesthesized (LD 100) 

2.5 mg/kg over 1 h; 
awake (LD6S) 

5 Ilg/kg for 1 h; 
2llg/kg x 3 h 

10 Ilg/kg over 3 h 

Therapy 

Ketanserin 
0.3 mg/kg pretreat 

Pretreat with 
LY203547' 
30 mg/kg bolus 
Infuse 10 mg/kg/h 

Prostaglandin E j 

0.25 Ilg/kg/min 
after 2 h 

Dimethylthiourea 
pretreat 1 gm/kg 

N-acetylcysteine 
Pretreat 150 mg/kg 
Infuse 20 mg/kg/h 

Pretreat with CVF 
500 -1500 units 

Prednisolone; 
pretreat 10 mg/kg 
25 min before 

Prednisolone; 
10 mg/kg at 15, 
75 + 270 min after 
start 

Dexamethasone; 
pretreat 5 mg/kg 
18 and 5 h before 

Methylprednisolone; 
pretreat 100 mg/kg 

Results 

No effect PAP 0 - 2 h, lower after 2 h; 
less bronchoconstriction; less decrease 
in CO; no effect on pulmonary 
permeability 

Increased P.02; lower EVLW and PAP 

Maintain CO at baseline; lower PAP; 
no increase in venous admixture 

Lower PAP after 2 h; higher CO and 
WBC; lower EVL W 

Less severe neutropenia, throm
bocytopenia, and hypoxemia; lower 
EVLW and PAP; less decrease CO 

Lower TxB2; higher CO initially 

Higher MAP; longer survival time 

Improved CO and MAP; NO effect on 
survival time 

Less decrease in CO, neutrophils and 
P .02; lower leukotriene B4 and PAP; 
higher MAP; longer survival time 

High cardiac output, lower SVR; less 
severe neutropenia, thrombocytopenia 

All pigs were anesthesized except those of Schrauwen and Houvenaghel (1985) which were studied awake. 
CO, cardiac output; CVF, cobra venom factor, Naje haje; EVLW, extravascular lung water; MAP, mean arterial 
pressure; PAP, mean pulmonary artery pressure; SVR, systemic vascular resistance; TxB2, stable metabolite of 
TxA2• 

• LY 203647 is a leukotriene C4/D4 antagonist. 
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Pig Endotoxic Studies 

Selected studies of pigs infused with endotoxin are 
presented to show how manipulation of mediators 
or different therapies affected this model (Table 2), 
since many of these studies have not been done in 
bacteremic models. 
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