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Pulmonary Edema 
Then and Now 

Norman C. Staub, M.D. 

Professor of Physiology , Cardiovas 
cular Research Institute and Depart
ment of Physiology, University of 
California, San Francisco, California 

When I began investigating lung liq
uid and solute exchange in 1962, I needed 
to study only two papers. One was the 
monumental review by Visscher, Raddy, 
and Stephens 57; the other was the study by 
Guyton and Lindsey 19 on the intravascular 
forces in Starling's hypothesis as applied 
to pulmonary edema . 

In 1967 two other extensive papers 
appeared: one by Levine and colleagues 27 

and ours on the sequence of events in 
edema liquid accumulation. 52 These and 
nearly all other experimental studies had a 
common motif - namely, to study lung liq
uid and solute exchange one had to induce 
overwhelming edema. 

The requirement for massive liquid 
infusions or severe , irreversible chemical 
injury bothered me because it made study-

ing the early, potentially reversible events 
leading to edema nearly impossible. This 
stimulated my subsequent work in Austra
lia to develop the unanesthetized sheep 
chronic lung lymph fistula model. 48,49 

Drinker 12 and later Uhley and his associ
ates56 had managed to cannulate the right 
lymph duct in anesthetized dogs and sam
ple lung lymph , but they could only do so 
for a few hours. 

An interesting historical sidelight 
about how discoveries are really made in 
contrast to how they are reported is that 
the experiments that led to our first edema 
paper , published in 1967, were not de
signed to study the pattern of edema liquid 
accumulation .52 Rather, their purpose was 
to measure pulmonary capillary blood 
volume by the carbon monoxide diffusing 
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capacity method to test the hypothesis 
that edema filled the alveoli in a quantal 
(all-or-none) manner, a hypothesis first 
proposed by my mentor, Dr. Robert For
ster, in a seminar at the Department of 
Physiology and Pharmacology in the 
Graduate School of Medicine, University 
of Pennsylvania (personal communica
tion, 1958) (Fig. 1). Nineteen fifty-eight 
marks the beginning of my interest in sev
eral aspects of intrathoracic liquid and 
protein exchange which my colleagues 
and I continue to investigate. 

The sequence of events in the accu
mulation of edema, which is why our 1967 
paper is so often cited, was added in retro
spect. It was entirely an accidental find
ing, as are most discoveries in biomedical 
research, Congress and NIH policymakers 
notwithstanding. 

By 1968 we knew that pulmonary 
edema could be produced in lab anima ls 

~-t,/~ 

by a variety of techniques. Clinically, a 
new syndrome had appeared 4 called the 
adult respiratory distress syndrome, char 
acterized by rapid onset ofrespiratory fail
ure in patients who had not previously 
shown significant lung abnormalities . The 
ubiquitous finding was that the pulmo
nary edema was not due to elevated lung 
microvascular pressure or to low plasma 
protein osmotic pressure. Terminally, the 
alveolar architecture was usually badly 
deranged. The alveoli and interstitium 
were filled with proteinaceous liquid and 
inflammatory cells. Early fibrosis was fre
quently present. 

An example of how quickly a field 
can develop after a technological break 
through is the case of the creation of the 
chronic lung lymph fistula in sheep. 46 ,51 

Figure 2 shows one of the first published 
experiments in sheep. 45 In 1974 we pub
lished our first complete paper on the 
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Figure 1. Left: Theory of all-or-none filling of alveoli by edema liquid from unedited 
notes I took during a seminar by R. E. Forster, University of Pennsylvania, Graduate 
School of Medicine in the spring of 1958. Right : Final form of the all-or-none theory (see 
cartoons c & d and inset graph). This is the most frequently reproduced of all my figures. 
(Reproduced with permission from reference 52.) 
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Figure 2. Time course of a reversible mi
crovascular injury in an unanesthetized sheep. 
Note the large increase in lymph flow for a 
modest rise in pulmonary arterial mean pres 
sure (Ppa) while the lymph protein osmotic 
press (1tl) increased. The experiment was an 
accident due to an incompatible blood transfu
sion response. Other abbreviations : T. P. is 
total protein concentration in blood (b) and 
caudal mediastinal node efferent lymph (1), 
respectively; 7t is protei,n osmotic pressure; P is 
hydrostatic pressure; Qis flow . (Reproduced 
with permission from reference 45.) 

pseudomonas model of increased lung mi
crovascular permeability in the sheep (see 
Fig. 3). 10 A year later we published our 
classic study of increased pressure in 
chronic unanesthetized sheep (Fig. 4).15 I 
was recently told (Charles Hales, personal 
communication) that in the early 1970s 
ours were the only papers dealing with 
edema in sheep but that by 1990 there 
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Figure 3. Effect of pseudomonas bacterial in 
fusion on the lung's microvascular barrier in 
seven pairs of unanesthetized sheep. Effects of 
microvascular pressure are compared before 
(open symbols) and after (filled symbols) the 
bacteremia. In those days we had no idea why 
the lung of the sheep was so sensitive to bacter 
emia. (Reproduced with permission from refer
ence 10.) 

were over 180 papers using the sheep lung 
lymph fistula. 

By 1991 much more is known about 
the pathophysiology of lung liquid and 
solute exchange. Lung edema can be in
duced minimally and reversibly or mas
sively and irreversibly by vascular hydro
static and osmotic pressure changes or by 
injury to the pulmonary microvascular en
dothelial barrier. Hypoxia , up to 48 hours 
in awake adult sheep (Fig. 5), did not 
affect filtration, even though pulmonary 
arterial pressure doubled. 9 Transient over
pressurization of the microvessels is prob
ably the common basis for neurogenic 44 

and hypoxic edema, 34 although it is diffi
cult to physically damage the lung's capil
laries25 (Fig. 6); indeed heroic measures 
are required to cause injury. 13,23 

Chemical injury to the microvessels 
occurs by several agencies . Whether these 
have a common basis is not clear. Even in 
1991 I find it difficult to believe that hy
drochloric acid aspiration 35 (Fig. 7) and 
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Figure 4. Effect of increased left atrial pressure 
in an unanesthetized sheep. The characteristic 
slow , modest rise in lymph flow and the fall in 
the lymph protein concentration are shown. 
These experiments showed conclusively that 
the awake sheep can be used to study the 
effects of lung liquid filtration in a reversible 
manner without injuring the animal. Most ear
lier investigations of lung edema had required 
massive interventions to obtain observable re
sponses because measurement methods were 
primitive. Consequently, the subtle early 
changes were missed. (Reproduced with per
mission from reference 15.) 

intravenous air emboli 36 (Fig. 8) share a 
common mechanism , as some claim. 

One thing we have learned is that 
adult respiratory distress syndrome is not 
primarily a lung disease. The lung mani
festations are real enough, but they are 
secondary to events occurring elsewhere 
in the body that pour potent bioactive 
compounds, activated leucocytes, or mi
crodebris into the venous circulation
first stop, the lung's microvascular sieve . 

Cell Biology 

Although it is important to know 
where we came from, it is even more 
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Figure 5. Acute alveolar hypoxia affects only 
the arterial resistance in the unanesthetized 
sheep, as shown by the stable lymph flow, 
which is a sensitive measure of microvascular 
pressure. This paper also proved that sheep 
have a strong, sustained hypoxic vasoconstric
tor response for up to 48 hours. (Reproduced 
wi th permission from reference 9.) 

important to know where we are going. 
The remainder of this chapter describes 
some of the new directions I am taking in 
studying the cellular biology of pulmo
nary edema. As my understanding of lung 
liquid and solute exchange has increased, 
my investigations have been moving to
ward unraveling the interactions among 
cells. This does not mean I have aban
doned whole animal physiology for cell or 
molecular biology. Nothing will displace 
physiology as the queen of biological sci
ences. Everything discovered in test tubes, 
on culture dishes, or in isolated tissues has 
to be confirmed and assigned its proper 
role in the whole animal. Even the most 
ardent biotechnologists agree on that. But 
as a problem-oriented physiologist, I will 
use whatever disciplines or techniques are 
necessary to solve the problem I am inves
tigating. 49 
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Figure 6. Attempts to find evidence in support 
of the overperfusion theory of high-altitude 
pulmonary edema failed. The lung endothelial 
barrier proved to be remarkably resistant to 
physical damage by increased blood flow [re
section of 65 % of lung mass (B)], acute alveolar 
hypoxia (C) and increased left atrial pressure 
(D). (A) is baseline . All of the labeled points fall 
along the same line as seen in unanesthetized 
sheep with increased pressure only. (Repro
duced with permission from reference 25.) 

Endothelium 

Organ-Specific Endothelial 
Restrictions to Liquid and Solute Flow 

The endothelial cells of the hepatic 
sinusoids have characteristic sieve plates 
with openings of about 0.1 µm, which per
mit convective transport of molecules and 
particles up to the size of small chylo
microns and their remnants. Endocrine 
organ capillaries have fenestrated endo
thelium, presumably to give lipophilic hor
mones easier access to circulating blood. 

The lung's microvascular endothe
lium also has special, if less obvious, char
acteristics. It forms a continuous barrier 
with intercellular junctions that markedly 
restrict protein flow. 47 In contrast to many 
systemic beds, the postcapillary venular 
endothelium is insensitive to histamine-
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Figure 7. Hydrochloric acid injury in an iso
lated perfused dog lung lobe . Note the increase 
in lung weight even though flow is reduced and 
the pulmonary arterial and left atrial pressures 
were kept fairly constant. The injury, as mea
sured by weight gain, occurs instantly and is an 
acid burn to the alveolar capillary barrier. (Re
produced with permission from reference 35.) 

induced gap formation . But immediately 
adjacent lies the bronchial circulation, 
and it, being a systemic vascular bed, is 
histamine sensitive. 38 In the adult the pul
monary microcirculation has essentially 
no power of regeneration, but the bron
chial circulation does. How are these or
gan-specific differences controlled? 

The fact that in some of its functional 
attributes the pulmonary microcirculation 
behaves in a manner contrary to or at least 
differently from the systemic microcircu
lation is a challenging problem. 

Phagocytosis by Endothelium 

In the early 1920s, several workers 
investigating the intravascular clearance 
of bacteria and test particles showed that 
in some species the lung retained a large 
fraction of the infused material. 22 A re
markable quantitative study of manganese 
oxide particle distribution by Lund, Shaw, 
and Drinker 30 showed this dramatically 
for the cat (Fig. 9). We owe much to the 
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Figure 8. Prolonged reversible controlled lung microvascular injury by air emboli. 
Except during the 1-hour air infusion, the pulmonary vascular pressures were 
normal. The lung lymph flow rise was sometimes spectacular, as shown here, and 
persistent. We now believe that the time course of the recovery of the lymph flow to 
baseline corresponds to the healing of the endothelial barrier. (Reproduced with 
permission from reference 36.) 

early physiologists, whose discoveries are 
often overlooked. 

Some endothelium, such as in the 
liver sinusoids, is constitutively able to 
endocytize a variety of small particles, but 
in the pulmonary circulation we have 
found little evidence for such activity. In 
two independent electron microscopic 
searches by my collaborators, Dr. Kurt 
Albertine 2 has never and Dr. Anne Nico
laysen (personal communication, 1991) 
has only rarely seen endocytosis of tracer 
particles (such as Monastral blue, li
posomes, microspheres) by pulmonary 
microvascular endothelium. 

Because endocytic activity by endo
thelial cells occurs avidly in culture, it 
must be normally repressed in the intact 

lung's microvessels. One likely possibility 
is that some component of the extracellu 
lar matrix inhibits endoethelial cell endo
cytosis. The endothelium of the liver sinu
soids lacks a basement membrane, which 
may explain its endocytotic and pha
gocytic properties. I mention this theme of 
local environmental regulation because it 
may also have something to do with the 
signaling that controls the tightness of the 
intercellular junctions between endothe
lial cells. 

Equally important for regulating en
dothelial barrier leakiness are physical 
factors. For example, there is considerable 
controversy about whether diffusive per
meability measurements on endothelial 
monolayer cultures has any physiological 
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Figure 9. Quantification of mangan ese dioxid e 
microparticle distribution among various 
mammals . The remarkable retention in the 
lung of cats (left panel) was attributed to "acti
vat ed" endothelium. We now know that the 
effect is due to phagocytosis by the resident 
population of pulmonary intravascular macro
phages. (Reproduced with permission from ref
erence 30.) 

significance. 1 •43 Already in 1983 Baet
scher and Brune had published evidence 
showing that modest hydrostatic pressure 
(20 mmHg) applied to monolayers in
creased their protein reflection coefficient 
in a reversible manner 5•5a (Fig. 10). Like
wise , other investigators find that flow 
(shear) over cultured endothelial cells 
modifies their phenotypic characteristics . 
Maybe endothelial cells need to be leaned 
on to function normally. 

Although I do not know how the en
dothelial barrier is controlled, I do know 
this is a problem of the greatest importance 
in microvascular physiology. We should 
use whatever tools are required to solve it. 

Neutrophils 

The total blood leucocyt e pool is di
vided roughly 40:60 between the circulat
ing and sequestered pools, which are read-

60 120 180 

Time (min) 

Figure 10. Physical forces may significantly 
modulate hydraulic conductivity measured 
across cultured endothelium . Two -time 
courses (I & II) of the effect of 20 mmHg filtra
tion pressur e appli ed over 2 hours with a 30-
min halt as shown. (Reproduced with permis
sion from reference 5.) 

ily exchangeable. 60 Intravital microscopy 
and rheological analysis have long indi
cated that most of the sequestered pool 
consists of leucocytes marginated in the 
postcapillary venules, where hydrody
namic forces push the leucocytes toward 
the wall as the main bulk of red cells burst 
forth from the confinement of the capillar
ies. 5·40 However , we have never found any 
significant leucocyte margination in pul
monary venules, even under conditions of 
low flow, which ought to promote it. Table 
1 shows that in sheep most of the neutro
phils are located in the capillaries, and 
some are located in the arterioles. When we 
reported these data in 1982, neither we nor 
others were able to explain the lack of 
venular margination in the lung (Fig. 11). 53 

Most of the sequestered pool in the 
lung is caused by delayed capillary transit 
due to the fact that the spherical leu
cocytes are about the same size as the 
widest diameter of the alveolar wall capil
laries, which are actually elliptical , not 
circular, in cross section. 

Because the lung capillaries are as 
large as or larger than systemic capillaries, 
the delayed lung transit must be due to the 
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Table 1 
Relative Concentrat ion of Neutrophils in Two Normal Sheep Lungs 

Predicted based on Small arteries & Small veins & venules 
peripheral blood arterioles (100- Alveolar wall (100-1,000 µm 

concentration 1,000 µm diameter) (capillaries) diameter) 

36 ± 2* 183 ± 122 520 ± 155 49 ± 28 

Note . Values refer to numb er per mm 2 of blood or alveolar wall in fixed 1-µm-thick sections. Reprinted with 
permission from reference 53. 

Figure 11. Small pulmonary vein and venule 
showing absence of leukocyte margination un 
der normal conditions. Two large and two 
small lymphatics (pale gray filled outlines) can 
be seen in the perivenular adventitia . (Repro
duced with pe rmission from reference 53 .) 

low pulmonary arterial pressure. To con
firm this, Hogg and his colleagues have 
shown that the lung transit time of labeled 
neutrophils is markedly blood-flow de
pendent at low flows. 31 Because of their 

Table 2 
Lung Neutrophil Transit Time and 

Sequestration 

Transit time , s 

15 
30 
60 

120 
180 
360 

Sequestration, % of 
circulating pool 

25 
50 

100 
200 
300 
600 

Note. Assumes total circulation time is 60 s. 

high overall viscosity, leucocytes must de
form before they can pass through the 
capillaries . The upstream hydrostatic 
pressure is the driving force. Slow defor
mation delays their transit relative to 
erythrocytes and plasma . For example, be
cause all of the cardiac output flows 
through the lung every minute, a delay in 
leucocyte transit of 1 min would account 
for 50% of the total leucocyte pool being 
retained in the lung. Table 2 lists the effect 
of various lung-capillary transit time de
lays on the fraction of neutrophils seques
tered in the pulmonary capillaries. 

Through a pleural window and using 
video microscopy , Lien and associates 28 

found the median pulmonary capillary 
transit time of fluorescent-labeled neutro
phils was about 25 s; a substantial fraction 
remained for more than 1 min. The me
dian time (half the cells) is probably a 
better estimate of the normal transit delay 
than is the mean because the mean transit 
times are not normally distributed .42 
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Figure 12. Model of neutrophil binding to endothelium. The initial sticking is transient 
and due to expression of a selectin on the endothelium or cell surface . (Modified from 
reference 24.) 

There is even a possible explanation 
for the absence of venular margination in 
the lung. Fiebig and coworkers have evi
dence that neutrophil sticking and rolling 
in systemic postcapillary venules proba
bly does not occur normally either. It is, 
unfortunately, the effect oflow-level stim
ulation during the intravital microscopy 
preparation procedures. 16 

What Makes Neutrophils Adhere to 
Endothelium? 

Some new discoveries about cell sur
face adhesion molecules may explain neu
trophil adhesion, although I know of no 
direct experiments on lung endothelium 
that have been published. 

Among the three main classes of ad
herence molecules, immunoglobulin su
perfamily, integrins , and selectins, these
lectins mediate the initial binding of leu
cocytes to endothelium. The known 
selectins (E for ELAM-1, L for MEL-14, 
and P for GMP-140) have carbohydrate 
(lectin) domains at their tips . P-selectin is 
stored in the a-granules of platelets and in 
Weibel-Palade bodies of endothelial cells. 
When systemic venular endothelium is 
perturbed, either E- or P-selectin is rapidly 

expressed in large quantities on the lumi
nal surface, which enhances the adher
ence of neutrophils via counterreceptors 
on the leucocyte surface. 26 The selectin 
binding is transient, as these receptors are 
rapidly shed from the cell surface, a pro
cess necessary to permit migration 
through the intercellular junctions 24 (Fig. 
12). 

The significance of all this with re
spect to pulmonary edema may have to do 
with histamine. Endothelial gaps form 
transiently and reproducibly in many sys
temic venules following histamine H-1 re
ceptor activation. Also, the P-selectin 
(GMP-140) is cycled to the endothelial cell 
surface after histamine stimulation. How
ever, the pulmonary vascular endothe
lium is not histamine sensitive in terms of 
histamine-induced gap formation. Is it a 
coincidence that the lung's venules do not 
cause leucocytes to stick? Is there a rela
tion between gap formation and hista
mine-triggered selectin expression? 

How Large is the Lung-Marginated 
Leucocyte Pool? 

The lung appears to have been over
emphasized as the main site of normal 
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neutrophil sequestration. As I am partly 
responsible for that belief, I think I should 
help correct it. In 1982 we presented quan
titative histologic data showing a large 
sequestered pool ofneutrophils in the pul
monary capillaries of normal sheep. We 
estimated the excess lung pool was about 
three times the circulating pool. Because 
we used unactivated native cells, our con
clusion seemed to be as certain as is possi
ble in physiological research .53 

Our work was confirmed, which al
ways makes one feel good, and vastly 
extended by Hogg's group .21 However, 
such a large pool requires a very long 
neutrophil residence time-3 min, accord
ing to Table 2, which is much longer than 
the median time found by Lien. 28 

This discrepancy caused us to try to 
confirm our original results . In anesthe
tized goats we perfused the leucocytes out 
of the pulmonary vascular bed with saline 
followed by Ca- and Mg-free media con
taining chelators. We recovered leu
cocytes in excess of the estimated residual 
blood volume, but the excess amounted to 
only 25% , not 300%, of the circulating 
pool (see Table 3). Twenty-five percent is 
equivalent to a 15-s median transit time 
delay for leucocytes in the lung 's capillar
ies (Table 2); a finding similar to Lien 's 
results. 54 

While we were gathering these data, 
Peters and coworkers, using total body 
scanning of labeled neutrophils in hu
mans , obtained evidence that sequestra
tion in the lung constitutes about 10-15% 
of the circulating pool. 37 

Lung Endothelial Injury May Be 
Neutrophil-Dependent 

The important role played by neutro
phils in acute lung microvascular injury 
has been partially clarified over the last 15 
years. Haslett has described priming of 
neutrophils by endotoxin and activation 
of neutrophil-killing functions by a variety 
of agencies. 20 

Table 3 
Neutrophils Washed Out of Normal 

Goat Pulmonary Circulation 

Saline 
washout 

Chelator 
washout 

Recovery in 
excess of residual 

lung blood 
volume, millions 

799 ± 326 

401 ± 137 

Recovery , 
% of 

circulating 
pool 

18 

9 

Note. Data are mean ± SD for 6 anesthetized goats . 
Reprinted with permission from referenc e 50. 

Even earlier, we demonstrated an 
important role for neutrophils in the 
acute lung injury caused by air emboli, 
as summarized in Figure 13 .17 The spe
cial significance of our data is that 
Binder and colleagues 7•8 had already ex
cluded fibrinogen and platelets. 

Yet several unsolved problems 
remain. For example, acute lung injury 
and, of course, adult respiratory distress 
syndrome can occur in leucopenic 
patients. The mere presence of neutro
phils at an inflammatory site does not 
prove their involvement in the genesis of 
the lesion . Neutrophils go to sites of in
flammation to protect, not harm us. Harm
ful actions of neutrophils are the excep
tion, not the rule . We need to keep a 
proper perspective about these valuable 
scavengers . 

Other leucocytes may also be acti
vated inappropriately. Circulating mono
cytes are recruited to sites of inflamma
tion in much the same manner as neutro
phils. They differentiate into macroph
ages, which are much better, more 
efficient killers than neutrophils. In fact, 
there is good evidence that in acute lung 
infections the macrophages phagocytize 
and digest the inflammatory neutrophils, 
thus preventing their tissue disintegration 
and the consequent release of proteolytic 
enzymes. 
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Figure 13. Evidence for the specific role of circulating leu
cocytes in the lung microvascular injury caused by 
microemboli. Time course of two experiments using acute 
air embolism induced acute lung injury in an unanesthet
ized sheep. Dashed lines, control study; solid lines, neutro
phil depletion study. (Reproduced with permission from 
reference 17.) 

Macrophages 

The Unusual Sensitivity of Some 
Species to Endotoxin 

Most readers may know that the 
sheep and the pig are the favorite experi
mental models of acute septic lung mi
crovascular injury . For nearly two dec
ades we and others ignored the fact that 
these species have unusually severe pul
monary hemodynamic responses to bacte
ria, endotoxin, and a variety of foreign 
particulates. The lethal intravenous dose 
of E. coli endotoxin in sheep and pig 
ranges between 10 and 50 µg/kg. The 
cause of death is pulmonary vascular hy
pertension with very low cardiac output 
or microvascular injury and edema. 

On the other hand, the pulmonary 
circulation of most species is insensitive 

to bacteremia or endotoxin (Fig. 14). For 
example, the baboon is at least 1,000 times 
more resistant to the lethal effects of E. coli 
endotoxin than is the sheep. The en -
dotoxin-insensitive animals die from gen
eral systemic shock, not pulmonary vascu
lar disturbances. In spite of repeated 
claims that humans are exquisitely sensi
tive to endotoxin, human sensitivity is 
unknown because only infinitesimal 
doses (a few nanograms/kg) have been 
given. 55 I am not convinced that the hu
man lung circulation is sensitive to en
dotoxin. 

How can these differences in en
dotoxin sensitivity among species be ex
plained? The first physiological clue came 
from a comparison of pigs and dogs by 
Crocker and colleagues, 11 who showed 
that pseudomonas bacteremia causes pro
found hemodynamic changes in pigs but 



70 • THE PULMONARY CIRCULATION AND GAS EXCHANGE 

SENSITIVITY TO LIPOPOLYSACCHARIDE 
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Figure 14. The remarkable species-specific 
sensitivity to endotoxin. Those animals with 
reactive pulmonary intravascular macrophages 
form the sensitive group. They die quickly of 
pulmonary vascular shutdown, whereas the 
low-sensitivity animals have a delayed death 
due to systemic shock. 

not in dogs because pigs have a large 
resident population of macrophages living 
in their pulmonary capillaries. My associ
ate, Kenji Miyamoto, using liposomes as 
test particles in sheep, has confirmed 
Cracker's results 33 (Fig. 15). 

Schneeberger was the first to show the 
presence of macrophages in the capillaries 
of the cat lung, 41 but Rybicka 39 was the 
first to recognize them in cattle as a dis
tinct resident population. After Cracker's 
pioneering work, several investigators re
ported the existence of macrophages in 
various species of the order artiodactyla 
(pigs, sheep, bovine, goat). 

We reported them independently in 
1986, 3 although we did not show their full 
physiological significance until 1988. 33 In 
1989, I concluded on functional grounds 
that horses, order perissodactyla must 
have pulmonary intravascular macro
phages.50 This year we found intravas
cular macrophages in the reindeer (Fig. 
16) (artiodactyla) (Staub, unpublished). 

By the way, remember the phagocytic 
endothelium of cats and lambs reported in 
the 1920s? It turns out that it was not 
endothelium at all but intravascular mac
rophages that could not be resolved by 
light microscopy in those days, mainly 
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Figure 15. Dose-response curve for pulmonary 
arterial pressure as a function of test liposome 
particle dose in three unanesthetized sheep. 
The threshold dose is approximately 0.1 µmol 
total lipid per kg body weight. With the large 
doses the sheep showed signs of respiratory 
distress. (Reproduced with permission from 
reference 24.) 

because the histologic sections were too 
thick. 

Are Intravascular Macrophages 
Responsible for the Extreme 
Sensitivity of Some Species to Foreign 
Particles or Endotoxin? 

To prove cause and effect between a 
suspected agent and its putative action in 
the body, Koch's postulates (Table 4) must 
be fulfilled. Thus far, two of Koch's three 
postulates have been established. The in
travascular macrophages are always pres
ent when foreign particles induce pulmo
nary hypertension, thromboxane secre
tion from the lung , and lung retention of 
foreign particles. 

Data from several labs using putative 
macrophages washed out of the pulmo
nary circulation of pigs indicate that these 
cells do release thromboxane and other 
eicosinoids in response to appropriate 
stimuli. 6 •18 

We are testing Koch's third postulate 
by studying the newborn lamb, which, 
like the newborn piglet, has few lung in
travascular macrophages. 29·59 We have 
found that 1- to 3-day-old lambs have little 
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Figure 16. Electron micrograph of a resident 
pulmonary intravascular macrophage in a rein
deer (Order: artiodactyla). The macrophage, 
containing several phagosomes with tracer par 
ticles of Monastral blue pigment, is perma
nently adherent to the microvascular endothe
lium (From A. Nicolaysen , pr eviously unpub
lished , 1991.) 

or no response to test particles in doses 
that cause a large effect at 2 weeks of age, 
when intravascular macrophages abound. 

The fascinating story of the lung intra
vascular macrophages is just beginning to 
unfold. For example , there is a close corre-

Table 4 
Koch 's Postulates 

1 . Cells are present whenever phenomenon 
occurs. 

2 . Isolated cells are responsive to specific 
stimuli . 

3. Responses cease when cells are removed or 
inhibited, but responses return when cells 
are restored . 

lation between the secretion of throm
boxane within the pulmonary circulation 
and the rise in pulmonary arterial pressure 
or calculated resistance .14 ,29 

In most species, including humans, 
liver macrophages (Kupffer cells) consti
tute the main mass of the reticuloendothe
lial system , which is the intravascular 
component of the mononuclear pha
gocytic system. Kupffer cells provide a 
good model because in form and function 
they are similar to pulmonary intravascu
lar macrophages. They both phagocytize 
the same types of particles, including en 
dotoxin, which is ordinarily thought of as 
specific for Kupffer cells. 

Warner and Brain have shown in 
sheep that radioactively labeled en 
dotoxin is taken up predominantly by 
liver macrophages when infused into the 
portal vein but by lung intravascular mac 
rophages when infused intravenously. 58 

In animals without lung intravascular 
macrophages, of course, Kupffer cell up
take accounts for nearly all of the infused 
endotoxin. 

What Do the Intravascular 
Macrophages Have To Do With 
Pulmonary Edema? 

I believe that the microvascular leak 
seen in sheep and pigs after sepsis or 
endotoxin depends on some function of 
the intravascular macrophages. Meyrick 
and Brigham 32 located the main lung vas
cular lesions of endotoxemia in the capil
laries and associated the lesions with a 
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variety of leucocytes, including "acti
vated" lymphocytes. Although they did 
not identify intravascular macrophages in 
their lung sections, at least two of their 
figures show mononuclear cells that look 
suspiciously like macrophages. 

When we tested endotoxin in 1-day
old lambs, we did not detect any pulmo
nary hemodynamic changes, whereas an 
equal or lesser dose of endotoxin mark
edly affects 2-week-old lambs; this again 
parallels the rapid growth of the intravas
cular macrophage population. 

Summary 

It was not possible to write a grant 
application to study endothelium, neutro
phils, or intravascular macrophages in 
1958, when I became interested in pulmo
nary edema. My objective in those days 
was to examine, the early pathophysiol
ogy of edema. I accidentally discovered 
how to make chronic lung lymph fistulas 
in sheep. In fact almost every important 
discovery emanating from my lab over 30 
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