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The rapid increase in sheep lung vascular permeability ob-
served during Pseudomonas aeruginosa bacteremia may be due
to embolization of the pulmonary microvasculature by blood-
borne particulates. Since alterations in lung microvascular
permeability during mild septicemia in sheep may reflect in-
efficient RES phagocytic clearance of bacteria as well as prod-
ucts of bacterial induced intravascular coagulation, the opsonic
and phagocytic aspects of RES function in sheep (30-50 kg)
were compared to other species. RES function was evaluated
by both the clearance and relative organ uptake of gelatinized
I'3t RE test lipid emulsion and gelatinized colloidal carbon.
Immunoreactive opsonic «,SB glycoprotein levels were deter-
mined by electroimmunoassay. The phagocytic index for RES
clearance of the gelatinized (500 mg/kg) test lipid in sheep
was 0.019 + 0.002 corresponding to a half-time of 16.65 + 1.74
minutes. With colloidal carbon (64 mg/kg), the phagocytic in-
dex in sheep was 0.080 + 0.026, corresponding to a half-time
0f 6.16 + 1.99 minutes. The per cent of injected lipid emulsion
(%ID) in major RE organs, on a total organ basis (TO), was:
liver = 15.69 * 1.65%; spleen = 2.09 + 0.78%. Localization
in the lung = 31.39 + 6.2%. The per cent of carbon localized
in major RE organs (%ID/TO) was: liver = 21.37 + 1.9%;
spleen = 1.95 + 0.55%. Localization in the lung = 32.70
+ 4.55%. In contrast, clearance and organ distribution of the
blood-borne test microparticles in rats and dogs at the same
relative challenging dose revealed a much more intense and
rapid liver and spleen RES uptake with minimal lung localiza-
tion (1-2%). Immunoreactive opsonic protein concentrations
varied greatly with species and directly correlated with ef-
ficiency of RES function. Levels observed were: dog = 1285
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+ 135 ug/ml; mouse = 1077 + 67 mg/ml; rat = 400 + 31
pg/ml; human = 297 = 10 pg/ml; and sheep = 184 + 13
pg/ml. After intravenous particulate challenge, circulating
immunoreactive opsonic protein in the sheep was depleted
(p < 0.05) rapidly with partial recovery at 24 hours and mild
rebound hyperopsonemia at 48 hours. This pattern is in con-
trast to the rapid restoration seen in dog and rat within three
to six hours postchallenge. Thus, in sheep, the extensive pul-
monary localization of blood-borne microparticles appears
related to inefficient RES clearance function mediated by a
relative deficiency of circulating opsonic protein (plasma
fibronectin).

UMEROUS CLINICAL STUDIES have demonstrated
N aprogressive deterioration in pulmonary vascular
integrity leading to pulmonary insufficiency, especially
when sepsis is superimposed on burn and trauma.*3?
Recent data suggest that the pulmonary alterations may
be due to lung vascular microembolization and injury
indirectly related to failure of reticuloendothelial system
(RES) clearance of blood-borne microaggregates dur-
ing sepsis after trauma.3%33 RE phagocytic cells avidly
remove blood-borne foreign or denatured particulates
from the circulation with the liver Kupffer cells repre-
senting the largest clearance compartment. Depression
of RES function has been correlated with decreased
resistance to experimental shock and sepsis™ and an
increase in pulmonary localization of blood-borne par-
ticulates.?’~%® Such particulate localization in the lung
may lead to pulmonary capillary occlusion or generate
focal sites of altered hemodynamics or permeability
which could contribute to edema with altered organ
function.*
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Kupffer cell phagocytosis of nonbacterial particulate
such as collagenous debris and fibrinogen/fibrin com-
plexes is mediated by opsonic «, surface binding (SB)
glycoprotein.>~7 Opsonic glycoprotein is identical to
plasma fibronectin or cold-insoluble globulin (Clg).’
Plasma fibronectin exhibits a high affinity for collagen
and gelatin,®!? as well as fibrinogen—fibrin complexes
which are cleared by the RES.?* Humoral control of
Kupffer cell phagocytic function as modulated by
plasma opsonin is further supported by the observation
that opsonic deficiency and RES phagocytic depression
following surgical trauma can be reversed by infusion
of purified opsonic a,SB glycoprotein.?® Indeed, re-
versal of opsonic deficiency in septic surgical, trauma
and burn patients with pulmonary insufficiency leads
to a marked improvement of host defense and pulmo-
nary function.3-3

Endotoxemia and sepsis can elevate the concentra-
tion of circulating particulates by inducing disseminated
intravascular coagulation.?*® RE clearance and hepatic
uptake are depressed following disseminated intravas-
cular coagulation (DIC)** and the hemodynamic pres-
sures in the lungs are elevated.2® Dogs with thrombin-
induced DIC manifest gas exchange abnormalities and
exhibit pulmonary edema?-*? if DIC develops during
opsonic deficiency and RES phagocytic blockade,?2 but
not if DIC is induced in the presence of normal RE
function.

Pulmonary fluid flux is governed by the interaction
of hydrostatic and oncotic pressures between lung
capillaries and the surrounding interstitial space. A net
flow into the extravascular space occurs when either
capillary hydrostatic pressure or interstitial space
oncotic pressure increases. Edema would be expected
when the net transvascular fluid movement into the
interstitial space exceeds the pulmonary lymphatic
drainage capacity.®> Development of the sheep lung
lymph preparation® has provided an experimental
animal model in which the hydrostatic and oncotic as-
pects of edema could be evaluated. This valuable ani-
mal model has been utilized to investigate pulmonary
vascular integrity following hemorrhage,?> burn,!!
sepsis® and endotoxin infusion.26

An observation of direct relevance to the present
study is that sheep receiving intravenous infusion of
105-10'° Pseudomonas aeruginosa exhibit an acute
elevation in pulmonary vascular permeability even in
the absence of sustained increases in pulmonary arterial
and wedge pressures.® The basis for such extensive
alteration in pulmonary function in sheep with minimal
bacterial challenge is unknown, but inefficient reticulo-
endothelial function might be a factor, since the RES
provides the major acute defense against systemic bac-
teremia.? In addition, bacteremia stimulates intravas-
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cular coagulation®3® and the byproducts of disseminated
intravascular coagulation, which can alter lung func-
tion, are cleared from circulation by the reticuloendo-
thelial system.3* Inhibition in hepatosplenic phagocytic
function results in depressed clearance of fibrinogen:
fibrin complexes.?* Also, decreased Kupffer cell uptake
of bacteria results in elevation of pulmonary localiza-
tion of the micro-organisms.!?

These observations collectively suggest that the
functional status of the reticuloendothelial system may
modulate the degree of pulmonary localization and
associated injury due to blood-borne particulates,
especially during sepsis. We postulate that the sheep
RES may be incapable of efficiently clearing bacteria
and or particulates during sepsis. This could contribute
to pulmonary microvascular embolization and altered
pulmonary vascular integrity. To evaluate this concept,
the present investigation defined the humoral and cellu-
lar parameters of systemic reticuloendothelial function
in the sheep in comparison to the reticuloendothelial
system in laboratory animals (i.e., rat, dog) which are
known to manifest apparent resistance to organ dys-
function during experimental bacteremia. A compara-
tive study of immunoreactive opsonic «,SB glycopro-
tein (plasma fibronectin) levels in mouse, rat, dog, sheep
and man was performed in order to place perspective
on this humoral parameter.

Methods
Serum and Plasma Collection

Adult sheep (20-55 kg) used in this study were pro-
vided food and water ad libitum. In sheep, blood sam-
ples were collected via catheters positioned in either
a carotid artery or a jugular vein. For comparative
species studies, male Sprague-Dawley rats (250—300 g),
male C57BL/6 mice (18-24 g), and male mongrel dogs
(11-16 kg) were evaluated in the nonfasted state. Hu-
man blood was obtained by vena puncture from seven
healthy volunteers (18-38 yr) with appropriate in-
formed consent. Blood from all species was allowed
to clot for 30—60 minutes at room temperature. Blood
was centrifuged at 6,000 g for 10 minutes and serum
was collected for analysis by electroimmunoassay.

Immunoreactive Opsonic Protein

Serum immunoreactive opsonic a,SB glycoprotein
was determined by electroimmunoassay as described
by Blumenstock et al.>” Monospecific antiserum to the
isolated sheep, human, rat, mouse and dog opsonin
was developed in rabbits as previously described.>7
The antigen was isolated by affinity chromatography
using a gelatin-sepharose affinity column®2%! supple-
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mented with mercaptoethanol. Antiserum to the respec-
tive opsonic protein was added to a 1% agarose in
barbital buffer solution and the warmed mixture was
spread on a 5 X 10 inch glass plate to a thickness of
1.8 mm. Serum, diluted to 10% with distilled water,
was placed in wells (10 ul) punched in the agar and
subjected to electrophoresis with a LKB multiphore
system at 82 volts for 21-22 hours at 15-17 C. The
resulting immunoelectrophoretic rockets were stained
as previously described” and immunoreactive opsonin
concentrations determined from a standard curve by
double reciprocal plot of opsonic protein concentration
(ug) vs rocket height (mm) using standardized serum.
Immunoreactive opsonic «,SB glycoprotein (plasma
fibronectin) levels are expressed as ug/ml serum. For
all species, plasma concentrations are slightly higher
than in serum, but this difference is minimized if blood
is allowed to clot at room temperature as opposed to
in the cold.

Reticuloendothelial Phagocytic Index

Reticuloendothelial function was evaluated by the
colloid clearance technique®?” using two separate test
colloids. Gelatinized I'®* RE-test lipid emulsion was
prepared at an anhydrous base concentration of 20%
in a 0.3% gelatin-supplemented sterile 5% dextrose and
water solution. The gelatinized RE-test lipid emulsion
(500 mg/kg) was injected intravenously and arterial
blood samples were collected at two minute intervals
(2-14 minutes) with the animal sacrificed at 15 minutes
postinjection for determinations of particle distribu-
tion. The concentration of test colloid in each blood
aliquot was determined using a 300 sample Auto-Gam-
ma-Scintillation System with a 2" Nal Crystal (Searle,
Des Plaines, IL). The second particulate used to evaluate
reticuloendothelial function was colloidal carbon (C11/
1431a Pelikan, Gunther-Wagner, Hanover, Germany).3
The gelatinized colloidal carbon was injected intra-
venously (64 mg/kg) and 5.0 ml aliquots of arterial blood
were collected at two minute intervals up to 14 minutes
after injection and analyzed for carbon concentration.
The 0.5 ml aliquot of blood was hemolyzed by addition
of 4.0 ml of 0.1 M sodium carbonate and carbon con-
centration was determined by optical density at 650
using a Perkin Elmer 55 spectrophotometer as previ-
ously described.? The spectrophotometer was zeroed
against a blank containing 0.5 ml of blood collected
before carbon injection. The half-time for particle
clearance from blood was determined from semiloga-
rithmic plots of colloid concentration against time. The
phagocytic index (K) was calculated as K = 0.301/half-
time in minutes, where 0.301 is the log base 10 of 2.
The liver, lung and spleen distribution of both the car-
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bon and the lipid colloid was evaluated at 15 minutes
postinjection. The organs were excised, rinsed with
cold saline, blotted dry and weighed.?” To determine
colloid content, four representative samples of each
organ were either analyzed isotopically to determine
lipid localization or spectrophotometrically, to quanti-
tate carbon localization. Sample preparation for spec-
trophotometric analysis involved boiling each gram of
tissue for 90 minutes in 10 ml of 30% Potassium Hy-
droxide. Variable pigmentation was reduced with five
drops of H,0, and then each gram of hydrolyzed tissue
was diluted to 100 ml with distilled water. Carbon con-
tent was determined by comparing sample absorbance
at 570 nm (Perkin Elmer 55 Spectrophotometer) against
a standard curve. Localization of either test colloid
was expressed as the percentage of the administered
test dose per total organ (%ID/TO) and per gram of
tissue (%ID/g).

Experimental Depletion of Circulating Opsonic Pretein

A heparinized, polyethylene catheter (PE 160) was
percutaneously positioned in a jugular vein and sutured
in place. Opsonic protein depletion was induced by
injecting the gelatin-coated nonradiolabelled RE-test
lipid emulsion (500 mg/kg) through the catheter. This
approach was utilized due to its effectiveness in in-
ducing opsonic deficiency in the rat” and dog.? Gelatin
is denatured collagen and the opsonic protein (plasma
fibronectin) has a high affinity for denatured collagen.
Serum samples were collected through the catheter at
0.5,1, 2,3, 4,5, 24 and 48 hours after colloid injection
for determination of alterations in circulating immuno-
reactive opsonic protein in order to test if acute deple-
tion would develop comparable to other species.”?

Experimental Induction of Disseminated Intravascular
Coagulation

Five adult sheep (25-55 kg) were anesthetized with
sodium pentobarbital (15 mg/kg; Abbott Laboratories,
Chicago, IL), paralyzed with pancuronium bromide (35
ung/kg; Organon Inc., West Orange, NJ), intubated and
mechanically ventilated (Harvard Apparatus, Millis,
MA) at a tidal volume of 12 ml/kg. Throughout the
remainder of the study the anesthetics were given as
required to maintain a light plain of anesthesia. The
animal was placed in an anterior recumbancy and a
sampling catheter surgically inserted into the right ca-
rotid artery. Control serum and heparinized plasma
samples were collected before 5 x 10° P. aeruginosa
was injected intravenously with a parallel intraperitoneal
injection of 5 X 10'° bacteria. Serum and heparinized
plasma samples were collected at hourly intervals for
the next four hours and analyzed for clottable immuno-
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F1G. 1. Comparative immunoreactive opsonic protein levels (ug/ml)
in the sheep, human, rat, mouse and dog. The measured serum
opsonin concentrations were determined by electroimmunoassay
against monospecific antiserum developed against antigen isolated
from each species.

reactive fibrinogen and nonclottable immunoreactive
fibrin degradation products. A decrease in plasma
fibrinogen and an increase in serum fibrin degradation
products is indicative of intravascular coagulation.'®

Immunodiffusion Assay of Fibrinogen and Fibrin Deg-
radation Products

Agarose (Sigma) was dissolved in phosphate buf-
fered saline (PBS), pH 7.2, to a concentration of 2%
by careful heating to 100 C while stirring. The 2% aga-
rose was then transferred to a 63 C waterbath, and
warmed monospecific antiserum diluted in PBS was
mixed with the agarose to yield a final antiserum dilu-
tion of 1:64 in 1% agarose (dependent on the titer of
the antiserum). The volume of agarose—antiserum solu-
tion is then poured onto a clear, warm, level glass
plate. Sixteen milliliters of agarose—antiserum solu-
tion, poured onto a 8.3 x 10.2 cm glass plate, yields
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a gel thickness of about 2.0 mm. After the agarose
had hardened, 20 wells (3 mm in diameter) were cut
in the agarose plate 2 c¢cm apart. Ten microliters of
the sample or of purified fibrinogen (standard) were
added to each well. The samples were allowed to dif-
fuse for 24 hours at room temperature in a humidified
chamber. The plates were washed overnight at 37 C in
0.15 M saline with 2.5-3 L of saline per plate. Prior
to staining, the agarose plate was pressed and dried
by covering the agarose plate with a wetted filter paper
and several centimeters of a tissue-cloth absorbant
material. Plates were pressed under a pressure of at
least 5 g/cm? for 15 minutes. The paper absorbant and
filter paper were peeled off the compressed agarose
slide and the slides were dried using a warm air hair-
dryer. Slides were stained for three minutes in 0.5%
Coomassie blue R-250 consisting of 5 g Coomassie
Brilliant Blue R-250 in a solution of 450 ml of 95%
ethanol and 100 mi of glacial acetic acid. Slides were
destained by washing 3-4 times in a solution of 95%
ethanol:acetic acid:water (5:2:9) for four minutes per
wash, and allowed to dry. The ring diameter was meas-
ured with a Finescale comparator and quantitated as
milligrams per milliliter by comparison to a standard
curve. The standard curve was constructed by analysis
of purified fibrinogen of known protein content and
was unique for each plate. A plot of log concentration
versus ring diameter was linear. '

Statistical Analvsis of Data

Data were analyzed using the unpaired Student's
t-test, with the confidence level placed at 95%. All
data were expressed as the mean = SE of the mean.

Results

Immunoreactive serum opsonic protein levels in the
sheep (184.6 + 13.0 ug/ml serum) were compared (Fig.
1) to opsonin concentration in dog (1285 + 135.0 ug/ml),
mouse (1076.9 + 66.99 ug/ml), rat (400 + 31.0 ug/ml)
and human (297 = 10.1 wg/ml), in order to determine
if this humoral parameter correlated with the functional
RES clearance capacity (Fig. 2). Species with high con-
centrations of immunoreactive opsonic protein, such as
the dog, demonstrate rapid clearance and intense liver
Kupffer cell uptake as compared to the slow RE phago-
cytic function and low opsonin concentrations in the
sheep. Indeed, the level in the sheep is even less than
that observed in humans who also have a high suscepti-
bility to organ dysfunction, i.e., pulmonary insufficiency
during sepsis especially after trauma.

RES phagocytic function in sheep, rat, mouse and
dog is compared in Figure 2. Respective gelatinized
lipid emulsion (500 mg/kg) clearance half-times of 3.7,
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Fi1G. 2. Comparison of sys-
temic RES phagocytic clear-
ance capacity in the sheep,
rat, mouse and dog. Vascu-
lar clearance capacity was
determined isotopically after
intravenous injection of ge-
latinized I'*'-labelled RE-
test lipid emulsion (50 mg/
100 g). Values represent the
mean determination.
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5.7 and 8.4 minutes were observed in the dog, mouse
and rat. The sheep clearance half-time for the gelat-
inized RE test lipid emulsion was 16.65 + 1.74 min-
utes, with a corresponding phagocytic index (K) of
0.019 £ 0.002 (n = 5 sheep).

The relative localization of intravenously injected,
gelatinized RE test lipid emulsion (500 mg/kg) in liver,
spleen and lungs of the dog, rat and sheep is presented
in Figure 3. Hepatic uptake of the blood-borne test
microparticles is intense in the dog and rat with the
lung in these two species demonstrating localization
of the particulate equivalent to only 1-2% of the test
dose. In marked contrast, the sheep exhibits much less
hepatic RES clearance of the test colloid with a cor-
responding pronounced elevation (p < 0.01) in pulmo-
nary localization amounting to 31.37% of the injected
dose.

The comparative pattern of localization of gelatinized
colloidal carbon and gelatinized I'3! labelled RE test
lipid by the liver, lung and spleen is graphically pre-
sented in Figures 4 and 5. This pattern was evaluated
to determine the specificity of the response in terms of
the types of colloid. Lung localization of either carbon
or lipid exceeds liver and spleen uptake on both a per
100 g and per total organ basis in the sheep. The lung
exhibits a similar and extensive localization of both
lipid and carbon even though the size (1.0 w vs 2504A),

total dose (500 mg/kg vs 64 mg/kg) and characteristics
(metabolizable vs inert) of these particles differ mark-
edly.®® Both particles are, however, dependent on
opsonic protein (plasma fibronectin) for efficient RES
phagocytosis.”27-37

Since RE organ size is a factor in clearance capacity,
the relative liver and spleen size in the varied species
investigated was compared (Table 1). Liver and spleen
size, expressed as per cent of total body weight in the
dog, rat and mouse is more than 100% greater than
in the sheep.

To further evaluate the humoral aspects of RES func-
tion, serum was collected from the jugular vein before
and at specific intervals after intravenous infusion of
gelatinized RE test lipid emulsion (Fig. 6). This was
done to evaluate the effect of intravenous infusion of
colloid on opsonic protein levels in the sheep. At each
sampling time, there is a close intra-animal correlation
in opsonin concentrations. Immunoreactive opsonin
was rapidly depleted by 30 minutes postparticle infusion
(p < 0.05), exhibited slow restoration during the next
4.5 hours and demonstrated recovery to prechallenge
levels by 24 hours.

We have postulated that the reported increase in
pulmonary microvascular permeability in the sheep fol-
lowing Pseudomonas bacteremia® may reflect inefficient
RES phagocytic clearance of products of sepsis induced
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FiG. 3. Liver, spleen and lung distribution of intravenously injected
gelatinized RE-test lipid in the sheep, rat and dog. Values represent
mean + SE of the mean are expressed as per cent of injected dose
localized per total organ (%ID/TO). Tissue distributions were de-
termined at 15 min postinjection.

SHEEP

intravascular coagulation. That postulate is based on
the concept that bacteremia can cause disseminated
intravascular coagulation. To test that concept a study
was conducted to determine the effect of sepsis on
the sheep intravascular coagulation mechanisms. The
data in Table 2 support that concept by demonstrating
a significant (p < 0.05 at four hours postbacterial chal-
lenge), progressive, sepsis induced decrease in plasma
immunoreactive fibrinogen and an increase in serum
immunoreactive fibrin degradation products.

Discussion

The reticuloendothelial system (RES) actively re-
moves foreign and effete particulate matter from the
vascular compartment.?” Investigation of this RES sys-
temic host-defense function has demonstrated a correla-
tion between RE clearance capacity and altered resist-
ance to various forms of experimental shock which
include hemorrhage, endotoxemia, trauma and bowel
ischemia.''*2837 Due to its significant vascular per-
fusion and extensive reticuloendothelial cell population
(Kupffer cells), the liver provides a major fraction of
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the systemic phagocytic clearance capacity in mice,
rats, dogs and man.37%-28 Kupffer cell phagocytic re-
moval of nonbacterial blood-borne particulates such
as collagenous debris and products of hemostasis cor-
relates with immunoreactive”? and bioassayable?”
opsonic a,SB glycoprotein. This large molecular weight
glycoprotein has a high affinity for and readily opsonizes
foreign particulates’?’ and its deficiency is the basis
for RES blockade induced by colloid injection and
undoubtedly is related to the altered resistance to shock
manifested during RE blockade.

When compared to other species, the sheep exhibits
a deficient liver and spleen phagocytic activity and an
elevated lung localization of blood-borne RE test par-
ticles. This restricted RES clearance capacity in sheep
is correlated with low immunoreactive opsonin levels
(Fig. 1) and a relatively small liver and spleen (Table 1).
On a per cent of total body weight basis, the liver
and spleen of the dog, rat and mouse are more than
twice as large as measured in the sheep (Table 1). Thus,
large fractions of injected RE test particles may localize
in the lung both because the insufficient opsonic a,SB
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F1G. 4. Comparative liver, spleen and lung distribution of intrave-
nously injected gelatinized colloidal carbon and gelatinized RE-test
lipid emulsion, expressed as per cent injected dose per 100 g tissue
(%ID/100 g). Each point represents the mean + SE of the mean with
five sheep per group.
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glycoprotein concentrations appear to limit RES clear-
ance capacity and because of the relatively small size
and minimal phagocytic capacity of the liver and spleen.

The temporal patterns of opsonin levels after colloid
injection indicate a 24 hour repletion period is required
to return depleted opsonin concentrations to control
levels. By comparison, the rat requires only six hours
for total restoration of immunoreactive opsonin levels
after a similar RE blockade induced by the gelatinized
RE test lipid emulsion.” The sheep reticuloendothelial
system, therefore, has a small liver and spleen; is as-
sociated with very low opsonic protein concentrations;
and displays a pattern of delayed opsonic restoration
after acute depletion by blood-borne particulates. It is
possible that these features may make the sheep very
susceptible to increased pulmonary microembolism
during episodes of disseminated intravascular coagula-
tion or after soft tissue trauma, especially during
septicemia. The basis for this response may be the
coexistence of severe RES depression during sepsis
after trauma as well as elevated blood-borne particu-
lates.30:33

Support for this hypothesis is the observation of
opsonic deficiency (plasma fibronectin deficiency) in
surgical, trauma and burn patients, especially during
septicemia and its correlation with both peripheral vas-
cular failure and pulmonary insufficiency.** In con-
trast, reversal of opsonic deficiency in such patients
by intravenous infusion of cryoprecipitate which is rich
in opsonic protein, results in improvement of gas ex-
change and augmented limb perfusion as well as reac-
tive hyperemia.?®33 This improved response may be
due to augmented RES clearance of particulate material
that might otherwise have embolized in the lung, thus
leading to a better matching of ventilation and perfusion.

Brigham reports® that sheep receiving a 30 minute
infusion of 105-10' P. geruginosa exhibit immediate
but transient chills, fever, leukopenia and hypoxemia.
This response is associated with increased pulmonary
artery pressure and lymph flow and decreased lymph
protein concentration.® At three to five hours postin-
fusion, the vascular pressures and lymph protein con-
centrations return to normal, while lymph flow increased
to a new steady-state three to ten times higher than
baseline. All variables return to baseline values in 24—72
hours.® The high sensitivity of the sheep to bacteria-
induced alterations in pulmonary vascular permeability
may be related to an inefficient RES clearance capacity
in this animal. Such an inefficient RES clearance capac-
ity may result in altered pulmonary vascular perme-
ability via mechanisms as schematically described in
Figure 7. In this concept, the inefficient RES function
in the sheep may permit bacteria to remain in circula-
tion for prolonged periods, thus allowing greater stim-
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Fi1G. 5. Comparative liver, spleen and lung distribution of intrave-
nously injected gelatinized colloidal carbon and gelatinized RE-test
lipid emulsion, expressed as per cent injected dose per total organ
(%ID/TO). Each point represents the mean + SE of the mean with
five sheep in each group.

ulation of disseminated intravascular coagulation, either
directly or via endotoxin release.

This hypothesis is supported by our quantitation of
serologic parameters which are reflective of intravas-
cular coagulation’® in sheep after experimental sepsis
(Table 2). The depletion of plasma clottable fibrinogen
coupled with the elevation of plasma degradation prod-
ucts after P. aeruginosa challenge demonstrates di-
rectly in the sheep that bacteremia can lead to intra-

TABLE 1. Interspecies Comparison of Liver and Spleen Weight

Liver and

Liver Spleen Spleen

Species (%BW) (%BW) (%BW)
Mouse 5.92 0.32 6.24
Dog (9) 3.36 0.25 3.61
Rat 3.35 0.29 3.64
Human (20) 2.31 0.21 2.52
Sheep 1.42 0.19 1.61

Organ weights are expressed as per cent of total body weight
(%BW). Listed values represent means. Standard error of the means
for mouse, rat and sheep were less than 10% of the mean but data
for dog and human were not available.
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FIG. 6. Temporal pattern of serum opsonic «,SB glycoprotein con-
centration during colloid induced RE blockade in sheep. RES block-
ade was induced by intravenous injection of gelatinized RE-test lipid
emulsion (500 mg/kg). Each point represents the mean + SE of the
mean with three sheep studied.

vascular coagulation and that this may be a factor in
the cause of increased lung vascular permeability in
the septic sheep as reported by Brigham.® Augmented
intravascular coagulation coupled with exposure of
basement membrane collagen to vascular fluid via
endothelial injury, especially in the trauma patient with
coexistent sepsis, may rapidly deplete opsonic protein
and thus further limit reticuloendothelial removal of
products of bacterial sepsis. Prolonged circulation of
such particulates might exacerbate aggregation and
formation of microaggregates which could embolize

TABLE 2. Plasma Fibrinogen Concentrations and Serum Fibrin
Degradation Products in Sheep Following
Pseudomonas Challenge*

Plasma Serum Immunoreactivet
Immunoreactivet Fibrin Degradation
Clottable Fibrinogen Products
Time Per Cent Per Cent
(hr) mg/ml Control mg/ml Control
0 4.39 + 0.9 100 0.105 + 0.04 100
1 4.09 = 0.8 93 0.105 = 0.04 100
2 3.62 + 0.8 82 0.115 + 0.05 110
3 33709 77 0.134 + 0.05 128
4 2.53 £ 0.8 58 0.140 + 0.05 133

* Sheep under pentobarbital anesthesia were challenged with
Pseudomonas aeruginosa and received an intravenous dose of
5 % 10° bacteria in parallel with an intraperitoneal dose of 5 x 101
bacteria.

t Fibrinogen and fibrin degradation products were measured by
immunoassay prior to (0 Hr) and at hourly intervals after induction
of sepsis. The decrease in fibrinogen and increase in fibrin degrada-
tion products reflect activation of intravascular coagulation. By four
hours after bacterial challenge both fibrinogen and fibrin degradation
products differ significantly (p < 0.05) from control. Each value
represents the mean and standard error of the mean for five sheep.
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Fi1G. 7. Mechanisms by which trauma and/or sepsis could result in
depletion of opsonic a,SB glycoprotein, inhibition of reticuloendo-
thelial host-defense function and, eventually, pulmonary insufficiency.

the pulmonary vasculature and alter vascular perme-
ability.’*'®1 Such a response would be exaggerated
when trauma preceeds sepsis since opsonic deficiency
as documented after injury in burn and trauma patients
is quite severe and is associated with pulmonary
distress.30:33

Failure of the hepatic reticuloendothelial system in
man to effectively function as a ‘‘prepulmonary filter’’
for noxious, blood-borne particulates may augment the
development of pulmonary insufficiency during intra-
vascular coagulation and/or sepsis following nontho-
racic trauma.?®3%33 In addition, the opsonic a,SB glyco-
protein (plasma fibronectin; cold-insoluble globulin)
may be a regulator of the RES clearance capacity.
Clinical evidence to document the interaction of plasma
fibronectin and the coagulation system was recently
reported by Mosher and Williams.?! They demonstrated
severe plasma fibronectin deficiency in patients with
disseminated intravascular coagulation and correlated
the level of fibronectin deficiency to the degree of organ
failure. The relationship between DIC and organ
failure was not addressed in the study, but has been
investigated by others.1%:3-18:19 Embolization of fibrin,
fibrin degradation products and platelets in the lung
has been associated with the onset of significant pul-
monary injury and gas exchange insufficiency.!%2°
Lung fibrin deposition secondary to thrombin infusion
results in increased shunting and an increase in pul-
monary extravascular lung water.'>%2° Recently,
Costabella et al. have demonstrated an increase in pul-
monary vascular permeability and consequent pulmo-
nary edema after thrombin infusion with fibrinolytic
blockage of the dog.!® Since clearance techniques for
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directly measuring RE function are invasive and block-
ade RE phagocytic activity,”?” it does not currently
seem prudent to directly measure RE phagocytic colloid
clearance function in patients who may already have
marginal host defense capacity in order to further verify
the correlation of immunoreactive opsonin to clearance
activity. In this context, the present data indicate that
the sheep provides an excellent model for investigation
of the role of the RES in the etiology of pulmonary
injury and organ failure during sepsis as it may relate
to the clinical setting. Indeed, the similarity of the hu-
man and sheep reticuloendothelial system, from the
standpoint of circulating levels of immunoreactive
opsonic a,;SB glycoprotein, coupled with the capability
to investigate pulmonary vascular permeability using
the sheep lung lymph preparation, lends further support
to the concept that this animal may provide an excellent
model for investigation of clinically relevant problems
with respect to pulmonary insufficiency during endo-
toxemia and bacteremia.

References

1. Altura BM, Hershey SG. Reticuloendothelial function in experi-
mental injury and tolerance to shock. Adv Exp Med Biol
1973; 33:545-569.

2. Attar S, Mansberger AR, Irain B. Coagulation changes in clinical
shock. II. Effect of septic shock on clotting times and fibrino-
gen in humans. Ann Surg 1966; 164:41-50.

3. Biozzi G, Benacerraf B, Halpern BN. Quantitative study of the
granulopectic activity of the reticuloendothelial system. II.
A study of the kinetics of the granulopectic activity in the
RES in relation to the dose of carbon injected. Relationship
between the weight of the organs and their activity. Brit J
Exp Pathol 1953; 34:441-457.

4. Blaisdell FW, Lewis FR. Respiratory distress syndrome of shock
and trauma: post-traumatic respiratory failure. Major Probl
Clin Surg 1977; 21:9-84.

5. Blumenstock FA, Saba TM, Weber P, Laffin R. Biochemical
and immunological characterization of human opsonic «,SB
glycoprotein: Its identity with cold-insoluble globulin. J Biol
Chem 1977; 253:4287-4291.

6. Blumenstock FA, Saba TM, Weber P. Purification of alpha-2-
opsomc protein from human serum and its measurement by
immunoassay. J Reticuloendothel Soc 1978; 23:119—133.

7. Blumenstock FA, Weber P, Saba TM, Laffin R. Electroimmuno-
assay of alpha-2-opsonic protein during reticuloendothelial
blockade. Am J Physiol 1977; 232:R80-R87.

8. Brigham KL, Owen PJ, Bowers RE. Increased permeability of
sheep lung vessels to proteins after pseudomonas bacteremia.
Microvasc Res 1976; 11:415-419.

9. Cornell RP, Saba TM. Bioassay of serum opsonin and its de-
pletion after colloid clearance in dogs. Am J Physiol 1972;
223:569-574.

10. Costabella PM, Lindquist O, Kapanci V, Saldeen T. Increased
vascular permeability in the delayed microembolism syndrome.
Microvasc Res 1978; 15:275-286.

11. Demling RH, Niehaus GD, Perea A, Will JA. Effect of burn-
induced hyperproteinemia on pulmonary transvascular fluid
filtration rate. Surgery 1979; 85:339-343,

12. Engvall E, Rouslahti E. Binding of soluble form of fibroblast
surface protein, fibronectin, to collagen. Int J Cancer 1977;
20:1-5.

13. Josephson S, Swedenborg J, Dahlgren JE. Delayed lung lesion
in dogs after thrombin-induced disseminated intravascular
coagulation. Acta Chir Scand 1974; 140:431-435.

CLEARANCE OF BLOOD-BORNE PARTICULATES

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24,

25.
26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

487

Kaplan JE, Saba TM, Cho E. Serologic modification of reticulo-
endothelial capacity and altered resistance to traumatic shock.
Circ Shock 1976; 3:203-210.

Kaplan JE, Saba TM. Low-grade intravascular coagulation and
reticuloendothelial function. Am J Physiol 1978; 235:H323-
H329.

Kaplan JE, Blumenstock FA, Saba TM. A radial immunodiffu-
sion method for the measurement of rat fibrinogen and fibrin
degradation products. Vox Sang 1979; 36:65-71.

Kaplan JE, Scovill WA, Bernard H, et al. Reticuloendothelial
phagocytic response to bacterial challenge after traumatic
shock. Circ Shock 1977; 4:1-12.

Lindquist O, Saldeen T, Sandler H. Pulmonary damage following
pulmonary microembolism in the dog. Acta Chir Scand 1976;
142:15-19.

Luterman A, Manwaring D, Curreri PW. The role of fibrinogen
degradation products in the pathogenesis of the respiratory
distress syndrome. Surgery 1977; 82:703-709.

Malik AB, van der Zee H. Thrombin-induced pulmonary insuf-
ficiency. Thromb Res 1977; 11:497-506.

Mosher DF, Williams EM. Fibronectin concentration is de-
creased in plasma of severely ill patients with disseminated
intravascular coagulation. J Lab Clin Med 1978; 91:729-735.

Niehaus GD, Will JA, Demling RH. Lactic dehydrogenase ac-
tivity in lung lymph during hemorrhagic shock resuscitation
and recovery. Lymphology 1979; (in press).

Organ Weights: Vertebrates In Growth Including Reproductive
and Morphological Development. Altman PL, Dittmer DS ed.
Washington D.C., Federation of American Societies for Ex-
perimental Biology, 1962. pp. 422-423.

Pardy BJ, Dudley HAF. Post-traumatic pulmonary insufficiency.
Surg Gynecol Obstet 1977; 144:259-269.

Rogers DE. Host mechanisms which act to remove bacteria
from the bloodstream. Bacteriol Rev 1960; 24:50-66.

Rojas J, Olegard R, Green RS, et al. Physiologic effects of group
B Streptococcal extracellular polysaccharide on adult unanes-
thetized sheep. Fed Proc 1978; 37:854.

Saba TM, Di Luzio NR. Reticuloendothelial blockade and
recovery as a function of opsonic activity. Am J Physiol 1969;
216:197-205.

Saba TM. Reticuloendothelial systemic host defense after sur-
gery and traumatic shock. Circ Shock 1975; 2:91-108.

Saba TM. Prevention of liver reticuloendothelial systemic host
defense failure after surgery by intravenous opsonic glyco-
protein therapy. Ann Surg 1978; 188(2):142-152.

Saba TM, Blumenstock FA, Scovill WA, Bernard H. Cryopre-
cipitate reversal of opsonic ,SB (surface binding) glycopro-
tein deficiency in septic surgical and trauma patients. Science
1978; 201:622-624.

Saba TM, Cho E. Reticuloendothelial systemic response to op-
erative trauma as influenced by cryoprecipitate or cold-insolu-
ble globulin therapy. J Reticuloendothel Soc 1979; 26:171-
186.

Schumacker PT, Saba TM. Augmentation of pulmonary insuf-
ﬁc:ency during low-grade intravascular coagulation by prior
impairment of hepatic RE clearance capacity. Physiologist
1977; 20:85.

Scovill WA, Saba TM, Blumenstock FA, et al. Opsomc ay sur-
face binding glycoprotein therapy during sepsis. Ann Surg
1978; 188:521-529.

Sherman LA, Harwig S, Lee J. In vitro formation and in vivo
clearance of fibrinogen: fibrin complexes. J Lab Clin Med
1975; 86(1):100-111.

Staub NC. Pulmonary edema. Physiol Rev 1974; 54:678—811.
Staub NC, Bland RD, Brigham KL, et al. Preparation of chronic
lung lymph fistulas in sheep. J Surg Res 1975; 19:315-320.
Stein PM, Saba TM. Effect of splenectomy on the cardiovascular
response to hemorrhage in dogs with reticuloendothelial

blockade. Circ Shock 1979; 6:174.

Wing DA, Yamada T, Hawley HB, Pettit GW. Model for dis-
seminated intravascular coagulation: bacterial sepsis in rhesus
monkeys. J Lab Clin Med 1978; 92(2):239-251.



