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I
INTRODUCTION

The respiratory insufficiency which usually accompL ies clinical

F gram-negative bacterei.ic shock remains a poorly understood but often lethal

I [complication (11). In animals subjected to endotoxin shock, the pulmonary

changes reported include increased pulmonary vascular resistance and abnormal

ventilation/perfusion ratios (5). Microscopically in dogs or prirata±s,

pulmonary edema, hemorrhage, platelet microemboli, vascular endothelial

I damage, sequestration of leukocytes, and alveolar cell necrosis have been

observed (19). Selective studies of the vascular bed of the limb after

exposur2 to endotoxin show increased capillary permeability (7, 17). Since

this abnormality may play a role in the pathogenesis of lung damage by

permitting losses of fluids, electrolytes, and proteins into the interstitium,

this study was undertaken to determine chaiges in pulmonary capillary perme-

iK ability using a modified technic of isogravimetric perfusion of the lung.

f
METHOD.,

In 1948, Pappenheimer and Soto-Rivera (13) reported a technic for d-ter-

mination of capillary permeability by isogravimetric perfusion of the isolated

forelimb. Recently, this technic has been extended to the isolated lung in

our laboratory and by Gaar (3) altho!,il we have included in ad Aon the

functional component of bronchial ventilation.

Thoracotomy was performed on 24 healthy adult mongrel dogs of either sex

which had been screened for Dirofilaria immitis. The animals were anesthetized

with sodium pentobarbital (30 mg/kg in normal animals; 10 mg/kg in shocked

animals) and a cuffed endotracheal tube inserted. One femoral artery was

inulated and the dog heparinized (200 units/kg), after which 800 - 1000 cc
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of blood was coilected and filtered through a fine Teflon mesh. At the same

time, the lower lobe of the left lung was excised and weighed, and poly-

ethylene cannuli inserted into the pulmonary artery, vein and bronchus. The

lobe was wrapped in a small plastic bag to prevent drying and then was placed

on a supporting tray so that the pulmonary vein was uppermost in order to

prevent torsion (Figure 1). The supporting tray was attached to a strain-

gauge balance (7) for continuous measurement of lobe weight. The polyethylene

cannuli inserted in the arterial and venous lives were advanced to the orifices

of their respective vessels. The reference point for these pressures was

taken at the level of the pulmonary vein. All pressures were recorded on an

oscillograph by means of a single Statham P23Db pressure transducer.

Venous resistance to flow was regulated by a screw clamp and venous

return to a 250 ml. graduated burette was circulated through a disc deoxy-

genator primed with autologous blood from the donor dog. Temperature of the

perfusate was maintained at 36-370 C by heat exchanger and monitored continu-

ously by thermister probe. A mixture of 95% nitrogen and 5% carbon dioxide

was used in the deoxygenator at a flow rate of 3 1/min. Blood was returned

from the deoxygenator to the pulmonary artery by means of a calibrated oc-

clusive roller pump.

The lobe was ventilated by means of a Harvard respirator using ambient

air at a constant volume of 4 cc/gram lobe weight and a constant rate of ten

cycles/min. Intrabronchial pressures were monitored by means of a saline-

filled, graduated U-tube. Blood gas determinations and pH were obtained in

some preparations on sarples from the arterial and venous cannulae.

After excision of the lobe, blood flow was restored within 5-7 minutes

at low levels (100 cc/min.) and the preparation allowed to stabilize. Venous
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pressure was increased by the screw clamp in inciements of 1-2 mm. Hg. while

increases in lobe weight were observed carefully. This process was continued

until the highest venous pressure had been achieved which did not produce a

continuous gain in weight. This was recorded as a first in a series of "iso-

gravimetric" points. Subsequent points were taken by altering venous resis-

tance and blood flow inversely in such a manner that the lobe maintained a

steady weight equal to that of the first isogravimetric point. After several

Jsuch points had been eszablished, and while the preparation was at an isogravi-

metric point, the arterial and venous lines were occluded simultaneously by

clamps. Within two seconds the arterial and venous pressures had equilibrated

ari thus were equal to the pressure within the pulmonary capillaries. This

was designated as the isogravimetric capillary pressure (Pci). Several such

pressures ac zero flow were recorded during the course of a two hour perfusion

(Figure 2). Immediately following perfusion the lobes were weighed and biopsy

specimens obtained for light and electron microscopy. Adjacent lung tissue

was used for pulmonary surfactant assay determined by the surfactometer and

quantitated on the basis of hysteresis loop area as reported previously (4).

ValuLs less than 1.5 inches (2) were assumed to be abnormal on the basis of

probability of normality .025.

Three groups of dogs were utilized in the study. Group I consisted of

lungs from six normal dogs for which normal isogravimetric curves were estab-

lished after which endotoxin was added to the perfusate. The endotoxin dosage

was calculated on the basis of perfusate volume equivalent to an LD80 dose in

the intact animal. After one hour of circulation a second isogravimetric

curve was obtained. Group I consisted of lungs from eight dogs which had

survived an intravenous LD80 dose of purified E. Coli endotoxin (Difco)
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administered 8-16 hours prior to surgery. Group III consisted of lungs from

10 normal animals and served as the control group undergoing perfusion for

the same length of time as in Groups I and II.

RESULTS

The mean isogravimetric capillary pressures for the normal control

(Group III) and the endotoxin shock survivors (Group II) were 5.9 + 0.2 mm.

Hg. (SEM) and 7.4 + 0.7 mm. Hg., respectively (Figure 3). The small but

significant difference between these values (P<0.05) was not observed when

the normal control was compared to Group I in which endotoxin was added to

the perfusate of otherwise normal lung (Table I).

Decreased pulmonary surfactant was observed in two of the ten normal

lobes perfused in Group III but only one was clearly abnormal. The lungs

of endotoxin survivors in Group II showed minimally decreased surfactant

in 3 of 8 dogs. In Group I, 5 of 6 dogs showed marked reductions in p-ilmonary

surfactant after endotoxin was added to the perfusate. Inflation pressures

were slightly higher in the shocked lungs and both groups showed a gradual

rise of 3-5 cm. saline over the course of a two hour perfusion with the same

volume of ventilation.

Perfusion blood gas determinations averaged 31 mm. Hg. PCO2 and 37 am.

Hg. P02 with pH of 7.32 from blood leaving the deoxygenator. The puloonary

venous blood determinations ranged from P02 values of 92 - 128 m. Hg. and

PCO2 13 - 17 mm. Hg. with no significant differences between the groups,

although the number of determinations was small.

Calculation of pulmonary vascular resistance shovzd that total resistance

to flow in the lungs of endotoxin-shocked dogs was increased significantly

.1



5

above normal at low flow rates. P-wever it approached and became indistin-

quishable from normal controls at higher flows (Figure 4). No significant

increase in pulmonary vascular resistance was observed when endotoxin was

added to the perfusate of a normal lung (Group I). Selective pre- and post-

capillary resistance changes were determined utilizing pressure differences

Fbetween observed isogravimetric capillary pressures and arterial or venous
pressures. There was no significant difference when endotoxin was added to

tle perfusate (Croup I), but in Group II, changes in precapillary resistance

accounted for the greater portion of the total increase in pulmonary vascular

resistance in these endotoxin-shocked dogs (Figure 5). This represents an

exaggeration of the relationship between pre- and postcapillary resistances

observed in the normal dog lung (Figure 6). However at low flows pulmonary

venous resistance in Group II was increased significantly above that of the

control group at similar flow rates (Figure 7).

PATHOLOGY

In the control lungs perfused for 2-3 hours, only focal areas of atelec-

tasis were seen. Some pulmonary artery branches accompanying the respiratory

bronchioles showed an accumulation of red blood cells in the adventitial coat.

Sections stained with PAS showed occasional stained cells along the septal

wall which were normal in distribution.

In the dogs receiving encotoxin during perfusion, (Group I) atelectatic

areas were noted which seemed to radiate around alveolar ducts. There was

an increase in thickness of the alveolar capillary walls and pre-arteriolar

vessels were filled with red blood cells. Similarly postcapillary venuleb

were dilated. Sections stained with PAS demonstrated positive material

L
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within cells in the alveolar wails, usually neutrophils, in approximately

half of the dogs in this group.

In Group II both atelectasis and focal areas of pulmonary edema were

observed. Postcapillary venules were more cingested and dilated in this

group. In one of the animals, thrombi consisting of fibrin, leukocytes

and red blood cells were demonstrated, but this finding was not observed

in any of the other animals. PAS positive material in polymorphonuclear

leukocytes was found abundantly in all animals in this group (Figure 8).

On electron microscopy, the control perfused lungs in Group III showed

some capillary ectasia. The only pathologic finding of the endothelium was

an occasonsl bleb due to cytoplasmic edema. There was no congestion of

polymorphonuclear leukocyres or platelets within the capillary spaces. The

alveolar type I and type II cells were within normal limits.

In Group I after endotoxin, both platelets and polymorphonuclear

leukocytes were seen within capillaries and the endothelial lining was quite

attenuated without rupture (Figure 9). Ther,. was marked edema of the per-

vascular space with separation of reticular and collagen fibers. Marked

widening of the alveolar capillary wall was evident. Type I alveolar cells

Rhowed no significant change but type II cells .1howed degenerative fatty

vacuoles within the cytoplasm.

Iu Group II the capillaries contained abundant polymorphonuclear

leukocytes, scattered strands nf fibrin, and platelets. Within the cytoplasm

of tht :eukocvies, a rarked decreaae of lysosome granules was noted. Osmio-

philic granules resembling glycogen which were diastas--susceptible at the

light microscopic level, were greatly increased within the cytoplasm (Figure 10).
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[Leukocytes were seen in intravascular, perivascular, and alveolar spaces.
The capillary endothelium was attenuated but intact, and edematous changes

were noted in the perivascular cpaces. The alveolar Type I epithelium showed

severe edema with occasional loss of continuity of this lining layer.

Within the type II cells, the cytoplasm was markedly vacuolated, and the

1'microvilli were bl,!nted.

VDISCUSSION
Since isogravimetriL -apillary pressure varies inversely with capillary

permeability, it can be used as an index of the integrity of the capillary

membrane. The observcd decrease in pulmonary capillary permeability in

canine endotoxin survivo-s is in marked contrast to observations made in

peripheral beds where endotoxin increased capillary permeability (7, 17).

It is possible that the combination of low pressure and high flow made the

lung vasculature "privileged" in terms of susceptibility to endotoxin damage.

The hydrostatic pressure exerted on the capillaries of the dog extremity is

more than twice as great (17 mm. Hg.) as that found in the normal lung,

sugge ting that transmural pressure may play an important role in the etiology

of capillary damage. The fact that significant differences in pulmonary

vascular resistance and Pci were observed only in the lungs of animals receiving

endotoxin before pulmonary perfusion seems to Implicate intermediate pathologic

processes occuring in vivo. Although the mechanism is unknown, the endothelial

cell thinning observed on electron microscopy may have played a role in the

~redu-ed permeability of the capillaries in endotoxin survivors.

The presence of large numbers of leukocytes fi ling the pulmonary capil-

laries has been observed in monkeys (12) and in rats (2). McKay tt a]. (12)



attributed the neutropenia seen after endotoxin shock to sequestration of

the neutiophils in the pulmonary capillaries and their intravascular

destruction. F.adothelial rupture, described by De Palma et al (2) in rat

tissues, was not observed in endotoxin studies in monkeys (12) nor was it

fou d in this study.

Phagocytosis has been shown to cause lysis of specific granules in

leukocytes (9) however, endotoxin alone has not been felt to cause degran-

ulation of poiymorphonuclear leukocytes. Several investigators havu ,hown that

endotoxin exerts a labilIzing effect upon lysosomes (10, 20) and in this

study a loss of lysosomal granules was observed in leukocytes sequestered in

alveolar capillary vessels. The finding of granular material ultrastructurally

resembling glycogen has not been previously described, although the release

of glycogen from hepatic cells after endotoxemia has been documented (2). It

was originally assumed that the neutrophils had phagoc,tized glycogen released

from the liver, but in Group I in which the lungs were isolated from hepatic

circulation, this same accumulation was seen frequently. Rubenstein et al (16)

using an immunoflourescence technique, demonstrated endotoxin within the cyto-

plasm of neutrophils sequestered in pulmonary capillaries. They described

circumscribed patches of immunoflourescent particles (15-20 mu) associated

with distorted or rupturing leukocytes. Since endotoxin is a known lipo-

polysaccharide (14) and should be PAS-positive on staining, a preparation of

dried pure endotoxin was made on two groups of slides and fixed with Bouin's,

Carnoy's, or formalin fume fixative. One group of slides was digested with

diastase and then both groups were treated with PAS. Both groups of endotoxin

slides showed intensely positive PAS staining demonstrating resistance to

diastase digestion. Although a final definition of the material seen in the
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i neutrophils in this study is not possible, the granules would appear to be

glycogen. The source of particulate glycogen in the isolated perfused lungs

is unknown. After phagocytosis of the material into polymorphonuclear

i [neutrophils, the displacement of lysosomes within these cells may reduce
their ability to Dhagocytize bacteria.r Preservation of pulmonary surfactant at normal levels in almost all of

the control lungs demonstrates the stability of the ex vivo perfusion system.

F The marked reduction in surfactant in Group I after endotoxin was added to

the perfusate suggests a direct effect on the lining membrane. On electron

microscopy, the appearance of abundant free osmiophilic material in air

spaces confirmee this dis-uption of the lining layer. Although a direct

cellular effect of endotoxin has been well documented (15), cellular damage

V alone would not alter surfactant levels until there was failure of replenish-

V" ment after the turnover time of 18 hours. Reduced compliance with a higher

inflation pressure at the same tidal volume was also observed in this group

although the differences between groups were not significant. In Group II,

only minimal decreases in surfactant were observed in 3 of 8 dogs who survived

i. endotoxin shock. The reasons for this preservation of surfactant are not

known, but may be related to factors which permitted the animal to survive

an LD80 dose of endotoxin.

As noted by other investigators, it is likely that a significant part

of the circulatory difficulties experienced by a patient in shock with

reduced pulmonary flow can be attributed to increased pulmonary vascular

-" resistance. Since increased blood flcw was associated with reduction of

pulmonary vascular resistar e to normal control levels, there would be ample

reason to restore cardiac output and blood volume to optimal levels in the

clinical situation. The beneificial effects of isoproterenol on pulmonary
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perfusion in endotoxin shock in sheep has been well demonstrated (5). However

the increase in the venous component of resistance at low pulmonary flows

could be responsible for the clinical "wet lung" and respiratory distress

syndrome simply by ultra filtration, particularly if fluid therapy is too

aggresive. Additional caution would be indicated in the use of positive-

pressure ventilation, with or without the addition of supplemental oxygen,

since both measures can produce increases in pulmonary vascular resistance.

SUMMARY

A method is described for measuring pulmonary capillary permeability

by isogravimetric perfusion of excised dog lungs. The isogravimetric capil-

lary pressures were determined in (1) normal canine lungs perfused with

blood to which endotoxin had been added; (2) excised lungs of endotoxin-

shocked dogs; (3) perfused lungs of normal control dogs. No increase in

pulmonary capillary permeability was noted but a statistically significant

decrease in permeability was found in lungs of survivors of endotoxin shock.

Pulmonary surfactant was observed to decrease only when endotoxin was added

to the perfusate of normal lungs. Surfactant was preserved in survivors of

endotoxin shock. Light and electron microscopy revealed granular inclusions

within polymorphonuclear neutrophils in the lungs of dogs after end oxin

shock or lungs perfused ex vivo with endotoxin and was compatible with phago-

cytized glycogen. The endothelial cell thinning observed in endotoxin

survivors may have been responsible for the decrease in pulmonary capillary

permeability. Both pre- and postcapillary vascular resistances were increased

at low blood flows but returned to control levels at normal blood flows. The

relative increase in postcapillary pulmonary vascular resistance at low blood
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flows may play a role in the clinical "-et lung" type of respiratory insuf-

ficiency seen frequently in bacteremic shock, although no increase in

I' capillary permeability was observed.

r
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LEGEND FOR FIGURES

Figure 1. Diagrammatic representation of the isogravimetric pulmonary

F perfusion apparatus. The lower lobe of the canine lung is

supported on a tray which records slight changes in total weight

during perfusion and ventilation. Venous pressure is altered

f" by means of the constricting device to permit the determina-

tion of isogravimetric pulmonary capillary pressure points.

I" ' Figure 2. Dog No. 2191, normal. Mean isogravimetric pressures determined

by varying venous pressures at different blood flows for a

normal canine lung ventilated with air. At all flow rates

above zero, the arterial pressure is greater than venous pressure

with no net transfer of fluid, and the mean capillary pressure

is presumably the same at all blood flows. The measured zero

flow isogravimetric capillary pressure is equal to all pressures

opposing filtration.

Figure 3. Comparison of mean isogravimetric capillary pressures obtained

from normal controls and from dogs surviving endotoxin shock.

The slight but significant increase in isogravimetriL capillary

pressure observed in the endotoxin survivors was not observed

when endotoxin was added to the perfusate of a normal lung.

PCi, isogravimetric capillary pressure.

Figure 4. Determination of pulmonary vascular resistance in normal dogs,

group 3, and survivors of endotoxin shock, group 2. Resistance

is calculated on the basis of millimeters of --srcury of pressure

differ-,ntial over flow and expressed as millimeters of mercury

Lper cubic centimeter per minute per 100 grams of lung. Signiliicant

[I
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increases in resistance are observed at all but the highest

blood flow rates.

Figure 5. Pulmonary arterial versus pulmonary venous resistance 24 hours

after the administration of endotoxin. Comparison of precapillary

and postcapillary pulmonary vascular resistances, mean ± standard

error of the mean, at different blood flows calculated from the

pressure differences between observed capillary pressures and

pulmonary arterial or venous pressures and expressed as millimeters

of mercury per cubic centimeter per minute per 100 grams of lung.

Pulmonary arterial or precapillary resistance shows a significant

increase at flows of 500 to 600 cubic centimeters per 100 grams

of lung which is an exaggeration of the normal pattern as seen

in Figure 6. Q, blood flow.

Figure 6. Pulmonary arterial versus pulmonary venous resistance in the

normal dog. Comparison of precapillary and postcapillary

pulnonary vascular resistances, mean ± standard error of the

mean, observed in isogravimetrtc perfusion of the normal canine

lung. Resistance is ex'ressed as millimeters of mercury per

cubic centimeter per minute per 100 grams of lung. Blood flow,

Q, shows as cubic centimeters per 100 grams of lung.

Figure 7. Comparison of postcapillary pulmonary vascular resistances

between normal dogs and those in a state of endotoxin shock,

group 2. At blood flows lv-;s than 400 cubic centimeters per

100 grams of lung, there is a significant increase in post-

capillary resistance above control levels. Resistance is

expressed as millimeters of mercury per cubic centimeter per
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minute per 100 grams of lung. Q, blood flow.
Figure 8. a) A low power micrograph of the lung from a dog in a state of

Fendotoxin shock, group 2, shows strongly per!odic-acid Schiff
positive material predominantly within the leukocytes within

Fthe septal wall. The alveolar spaces are filled with transudate

and some alveolar macrophages. b) An adjacent section was

treated by diastase digestion. The cells now show the disappearance

of periodic-acid Schiff positive material. Periodic-acid

Schiff with a control diastase digestion, counterstained with

hematoxylin and eosin, X165.

. Figure 9. The effects of the addition of endotoxin to the perfusate in

group 1 are shown in this electron micrograph. The capillaries,

C, are filled with neutrophils, N, showing an increase of

glycogen particles, arrows, and a few strains of fibrin, F.

Edematous changes within the perivascular space, P, has separated

the reticular and collagen fibers. The endothelial lining shows

evidence of early cytoplasmic blebbing, B. The type I epithelial

lirIng is intact. The alveolar spaces, A, show no evidence of

pulmonary edema. Uranyl acetate and lead citrate, X!846.

Figure 10. Electron micrograph of lung from 3 dog in a state of andotoxi.

shock in group 2. The capillaries, C, contain abundant neutrophils,

oem of which are sparsely granulated. In the neutrophil, N,

which is markedly degranulated, the cytoplasm contains many

glycogen particles. The endothelium in this particular field is

not edematous; however, endothelial blebbing was noted focally in

dol in a *tate of systemic endotoxin shock. Edema of the pern-

vascular space, P, can be demonstrated. The alveolar type I

Iii
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epithelium, ATi, is likewise edematous and is actually disrupted

in focal areas, arrow. The type II epithelial cell, ATii,

shows marked cytoplasmic vacuolization ad severe blkswing of

uicrovilli. Uranyl acetate and lead citrate, X2825.
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if TABLE I

ALTERATIONS IN PULMONARY SURFACTANT AND PULIIONARY CAPILLARY PERP IEABILITY AFTER
EXPOSURE TO ENDOTOXIN

"T
DOG NO. DOG WEIGHT SURFACE TENSION CONTROL PCi* ENDOTOXIN PCi  PERFUSION TIME

AREA Sq. In. mm.Hg. mm.Hg. HOURS

GROUP I Endotoxin added to the perfusate of normal lung

3351 19.0 .99 8.0 7.0 2.5
531 25.0 1.00 - - 2.5
931 13.0 .94 5.5 6.0 2.5
1036 20.8 - 6.0 6.5 2.5
1070 24.5 .99 4.0 5.75 2.5
1101 18.0 1.27 6.0 6.25 2.5

Mean + S. E. M. 1.04 + .06 5.9 + 0.6 6.3 + 0.1

GROUP II Survivors of Endotoxin Shock

1111 17.0 2.84 5.0 2.0
358 15.5 1.72 6.0 2.0
1232 16.5 1.75 10.5 2.0
1358 19.8 1.00 8.9 2.0
1057 13.0 2.22 6.0 2.0
3311 13.8 - 8.75 2.0
3343 15,0 1.40 7.5 2.0
3924 18.e 2.24 6.3 2.5

Mean + S. E. M. 1.88 + .23 7.4 + 0.7

GROUP III Control Perfusions

1212 20.5 2.77 4.9 2.0
539 22.7 2.15 5.9 2.0
1036 20.8 1.89 6.0 2.5
1101 18.0 2.20 6.0 2.0
1268 24,0 1.21 6.5 2.0
1601 25.0 .46 5.0 2.0
3734 17.4 2.30 7.25 2.0
3303 19.4 2.00 6.1 2.5
2191 25.0 1.60 5.6 2.0
1722 22.0 1.01 5.9 2.0

Mean + S. E. M. 1.84 + .20 5.9 + 0.2

. *Pulmonary capillary pressure (isogravimetric)
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13 ACJSTNACT

A method is described for mearuring pulmonary capillary permeability by isogravi-
metric perfusion of excised dog lungs. The isogravinetric capillary pressures were
determined in 1) normal canine lungs perfused with blood to which endotodn has been
added; 2) excised lungs of endotoxin-.hocked dcgs; 3) perfused lungs of normal control
dog!.. No increase in pulmonary capillary permeability was noted but a statistically
significant decrease in permeability was found in lungs of survivors of endotoxin shock
Pulmonary surfactant was observed to decrease only when endotoxin was added ro ttie
perfusate of normal lungs. Surfactant was preserved in survivors of endotoxin zhock.
Light and electron microscopy revealed granular inclusions w.th polymorphor.uclear
neutrophils in the lunts of dogs after endotoxin shock or luigs perfused ex vivo with
endotoxin and was compatible with phagocytized glycogen. The endothelial cell thinning
observed in endotoxin survivors may have been responsibla for che decrease in pulmon.-.y

capillary permeability. Both pre- and postcapillary vascular resistances were increase
at low blood flows but rec-rned to control levels at normal blood flows. The relative
increase in postcapillary pulmonary vascular resistance at low blood flows may play a
role in the clinical "wet lung" type of respiratory insufficiency seen frequently in
bacteremic shock, although no increase in capilla ry permeability was observed.
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