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Abstract

Objective: This study evaluates the effect of Sulfo Lewis

C(SO3%3BGallé3BGlcNAc—O(CHﬂB—COOMe), a putative ligand of

selectins, on smoke inhalation injury.

Design: Prospective animal study with concurrent controls.
Setting: An aﬂimal laboratory.

Subjects: Twelve one year old female sheep(weight range 24 to
33 kg)

Interventions: Twelve sheep received nine exposure units of
smoke generated by thermolysis of pine woodchips(80g). Group
1l{n=6) was untreated. Group 2{(n=6) was treated with an
intravenous infusion of Sulfo Lewis C following smoke exposure.
Animals were sacrificed 48 hours post-injury.

Measurements and main results: Cardiopulmonary variables and
blood gases were measured serially. Granulocyte free-radical
production was measured pre-smoke and at 4 and 48 hours post-

injury. Ventilation perfusion distribution(VA/Q) was analyzed

using the multiple inert gas elimination technique (MIGET) .
Granulocyte free-radical production was elevated after smoke
exposure in both groups. Oxygenation was significantly improved

by the administration of Sulfo Lewis C. V,/Q analysis
demonstrated significantly less blood flow to low VA/Q lung

segments in treated animals.
Conclusion: Selectin blockade attenuated lung injury following
smoke exposure. These data support the hypothesis that

polymorphonuclear leukocytes(PMNs) play a pivotal role in smoke



inhalation injury.

Key words: smoke inhalation, Sulfo Lewis C, ovine, selectin,
adhesion molecule, lung injury, multiple inert gas elimination

technique, free radical, granulocyte, hypoxemia



Introduction

Smoke inhalation injury is a significant comorbid factor in
patients with major thermal trauma. Noxious chemicals generated
by incomplete combustion not only directly injure exposed
airways, but appear to cause a release of chemotactic factors
which may attract and activate leukocytes. Activated
polymorphonuclear leukocyte(PMNs) are considered to be
significant effectors in the progressive airway inflammation
following smoke injury (1l). Neutrophil recruitment into tissues
is a multistep process involving sequential engagement of
adhesion molecules, including selectins, integrins and the
immunoglobulin supergene family of aahesion molecules (ICAMs) (2) .
These processes result in the initial slow rolling of
neutrophils along the endothelial surfaces, leading to
subsequent firm aptachﬁent to the vascular endothelium and
migration into the endothelium. It has been shown that
treatment of adhesion molecules with antibodies reduces lung
injury following ischemia-reperfusion (3-9), administration of

Pseudomonas aeruginosa(l10-11) and bacterial

lipopolysaccharide(12-13), intratracheal instillation of IgG or
IgA immune complex (14-18) and infusion of cobra venom factor
(17-19) .

Sialyl Lewis X is an oligosaccharide ligand for the selectin

0) and has been shown to reduce

family of adhesion molecules (
lung injury and diminish tissue accumulation of neutrophils
after cobra venom factor infusion(2l) and intratracheal
instillation of IgG immune complex(22).

Sulfo Lewis C, a sulfated oligosaccharide, 1is a putative



ligand of selectins and has been reported to bind to E-

selectins (23). The objective of this study was to determine

the pulmonary effect of selectin inactivation with Sulfo Lewis C

following smoke inhalation.

Material and Methods
Animals and Preparations

Twelve female sheep weighing 24kg to 33kg and free of
antibodies to “Q” fever rickettsia were used in this study. The
animals were housed in covered outdoor runs, treated for
parasites (IVERMECTIN, 0.2 mg/kg, iM) and fed commercial chow and
water ad libitum. The animals were divided into two groups.
Group 1(n=6) received only vehicle following smoke exposure.
Group 2(n=6) received treatment with Sulfo Lewis C for 48 hours
after smoke exposure. This study was approved by our
institutional animal use committee. The care of all animals was
in accordance with the guidelines set forth by the Animal
Welfare Act and other federal statutes and regulations relating
to animals and studies involving animals and by the Guide for
the Care and Use of Labolatory Animals, National Institute of
Health Publication 86-23.
On the day before smoke exposure, all animals were instrumented
while anesthetized with sodium pentobarbital (25 mg/kg, IV).
Polyethylene cannulae were placed in a femoral artery and vein.
One radiopaque sheath introducer, through which a Swan-Ganz
catheter was placed, was inserted into an external jugular vein.

The animals were then awakened, extubated, and returned to their



cages.

Smoke exposure methods

Twenty four hours after instrumentation, the animals were
re-anesthetized, intubated with a 7.5 mm orotracheal tube and
exposed to inhalation injury as described previously(24). Smoke
was generated by thermolysis of pine woodchips(80g) in a
crucible furnace at a constant temperature of 400°C and airway
flow of 6.0 L/minute. The smoke was delivered into a 20 L
reservoir and mixed with a 2.0 L/minute flow of 100 % oxygen.
Animals received nine exposure units of this mixture; one
exposure unit consisted of five breaﬁhs(tidal volume:30mL/kg,
and a breathhold of 6 seconds), with a 5-second rest between
exposure units.

Following smoke exposure, the animals were housed in
individual cages in a climate-controlled facility, and observed
for 48 hburs while breathing room air spontaneously. The
animals received a maintenance intravenous infusion of 5%
dextrose in lactated Ringer's solution(2mL/kg/h) during the

experiment.

Protocol

Sheep were randomized to one of two groups. Group 1(n=6)
received smoke inhalation injury and vehicle, while Group 2 (n=6)
received smoke inhalation injury and treatment with Sulfo Lewis
C(Alberta Research Council, Alberta, Canada) postinjury. Group
2 animals received a bolus injection of 10mg/kg body weight of

Sulfo Lewis C immediately after smoke exposure followed by a



continuous infusion of Sulfo Lewis C. The Sulfo Lewis C was
resolved in lactated Ringer’s solution was infused at

Ilmg/kg/hour for 48 hours.

Measurements

Cardiopulmoﬁary variables and blood gases were measured
before smoke inhalation injury and at 2, 4, 8, 12, 24, 36, and
48 hours after smoke exposure. Pulmonary artery pressure,
pulmonary capillary wedge pressure(PCWP), and systemic arterial
pressure were measured using a pressure monitor (Model 78354A,
Hewlett-Packard, Waltham, MA)_and quartz transducer (Model
1290A, Hewlett-Packard). Cardiac output was measured by the
thermodilution techniqge {(Cardiac Output Computer Model 9520a,
American Edwards Laboratories, Santa Ana, CA). Blood gas
analyses were performed using an IL1303 pH/blood gas analyzer
(Instrumentation Laboratories, Inc., Lexington, MA) and an IL482
CO—oximeter (Instrumentation Laboratories, Inc.).

Alveolar-arterial oxygen tension gradient(P(A—a)Oz) was

calculated by the following equation:

P(A—a)Oz=PA02—Pa02. Pa0, was calculated according to the

following equation:

PA02=Fi02xBP—paC02x((FI02)+(1—FI02)/R)

where:
BP=(Barometric pressure)- (Vapour pressure)
(Vapour pressure)=0.4+antilog(0.024T+0.7659)

T=absolute temperature in °C



FIOzzfraction of inspired oxygen

R=0.8=respiratory quotient

Superoxide production by circulating granulocytes were
measured presmoke and at 4 and 48 hour postsmoke using the
modified method of Pick (25). Whole blood(15ml) was diluted
with an equal volume of isotonic saline. Five milliliters of
Ficoll-Paque™ (Pharmacia LKB, Biotechnology AB, Uppsala,
Sweden) were added to a centrifuge tube, onto which 10 ml of
each diluted blood sample were layered and then centrifuged at
1300 g for 50 min. The upper part of the lowest layer
containing granulocytes was resuspended in 33 ml of sterile
distilled water and mixed tc perform hypotonic lysis of red
blpod}cells. After 15.sec, 11 ml of 3.5% NaCl solution was
added and mixed to stop the lysis process. Samples were
centrifuged at 1300 g for 10 min at 24°C and the supernatant and
ghost cells were removed. Hypotonic lysis was repeated once.
The pellet was resuspended in 5 ml of phosphate buffered saline
and diluted to 1 X 10% cells/ml. One hundred microliters of the
solution were added to the assay buffer in each well of a
96-well fiat—bottom plate. The plate was placed on the ELISA
reader (340 ATTC, SLT Lab Instruments, Research Triangle Park,
NC) for 15 minutes at 39°C. The assay for measurement of
superoxide is based on the reduction of cytochrome C by
superoxide generated from granulocytes stimulated by phorbol 12-
myristate l3-acetate.

At the end of 48 hours, the animals were anesthetized with

sodium pentobarbital (25 mg/kg IV), orally intubated, paralyied



with pancuronium bromide (0.1-0.15 mg/kg, Pavulon®, Organon
Pharmaceuticals, West Orange NJ), and mechanically ventilated.
During mechanical ventilation, the tidal volume was set at 15
ml/kg and the respiratory rate at 8 breaths/minute . PEEP at 5

cmH,0 and an FIO, of 0.21 were maintained throughout the

remainder of the study period.

Measurement of ventilation perfusion distribution(VA/Q) was

performed using the multiple inert gas elimination

technique (MIGET). A lactated Ringer's solution containing six
inert gases (sulfur hexafluoride, ethane, cyclopropane,
halothane, diethyl ether, and acetone) was infused at a rate of
0.1 ml/kg/minute. After 40 minutes, arterial and mixed-venous
blood samples (10 cc each) were simultaneously drawn
anaerobically into preweighed, heparinized syringes.
Mixed-expired gas was collected from a
temperatﬁre—controlled(40'C) copper coil (outer diameter= 3.5
cm, length= 550 cm) about 1 min after blood sampling,
compensating for the delay of the mixing chamber. Blood and
expired gas samples were immediately analyzed by gas

chromatography. VA/Q on a 50 compartment scale was calculated

based upon retention ratios using a special computer
program(26) .

After MIGET study, bronchoalveolar lavage(BAL) was
performed. Twenty milliliters of 0.9% sterile saline was
injected into the left lower lobe and the fluid was immediately
aspirated. This process Qas repeated three times. White blood

cell count was determined using a hemocytometer. Differential
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cell counts were performed on Wright-Giemsa-stained
cytocentrifuge preparations.

All animals were sacrificed with sodium pentobarbital (25
mg/kg IV) and an overdose of a 20% potassium chloride. The
right lung was excised for the determination of wet to dry lung
weight ratio(W/D) and the left lung was excised for histological
evaluation. W/D was determined by the method described
previously(27). Segments of midtrachea(the middle portion of
trachea), distal trachea(2 centimeters above carina), proximal
bronchus (the middle portion of the second division) and distal
bronchus (the middle portion of the fourth division) of the left
lung were obtained for histological analysis. Two specimens per
site were taken. Histologic evaluation of the tracheobronchial
injury was performed, using light microscopy and graded by the
following criteria based on the previous study(26):
Tracheobronchoepithelial Damage Score
O=normal
l=some loss of cilia, loss of apical epithelium and flattening
of epithelium
2=marked attenuation of epithelium, single layer of epithelium
3=<50% segmentai/focal ulceration of epithelium
4=>50% ulceration of epithelium
Lung tissue blocks were taken from the left apical lobe.
Randomly selected fields for quantification of PMN in the
alveolar spaces were evaluated. The numbers of PMN per field
at 400X magnification were counted in 10 randomly selected
fields. These evaluation were done by a pathologist without .

knowledge of treatment.
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Statistical Analysis

Statistical analysis was perﬁormed using repeated measures
ANOVA with post hoc Scheffe’'s test for comparison between
groups. Mann-Whitney U test was used for histological
evaluation. Data are shown as mean * standard error of the

mean (SEM) ; significance was assigned at p<0.05.

Results

The arterial carboxy-hemoglobin levels (%) immediately after
smoke exposure were 89.8+2.2 in Group 1 and 87.8%3.2 in Group 2.
The difference was not statistically significant. All animals
survived the 48 hour observation period.

Figure 1, top, depicts the serial P(A—a)OZ. P(a-a)o,

increased progressively following smoke exposure in Group 1.

Although the increase in P(a-a)O, in Group 2 was similar to that

2

observed in Group 1 until 12 hours postinjury, the increase
during the second 24 hours was significantly blunted(p<0.05).
Figure 1, middle, depicts the serial mean pulmonary
arterial pressure(MPAP). Although there was not statistically
significant difference between two groups, significant pulmonary
hypertension occurred in Groupl (baseline:16*0.5 vs
48hr:2412 .4mmHg) but was not documented in Group
2 (baseline:16+0.3 vs 48hr:18+2.0mmHg) .
Table 1 contains other physiologic measurements.

Progressive hypoxemia was seen in Group 1. The decrease in Pao,
was significantly attenuated in Group 2 during the second 24

12



hour (p<0.05) . PaCo, increased significantly in both groups and

there was no difference between the two groups. Neither mean
arterial pressure(MAP) nor total peripheral resistance
index (TPRI) changed significantly in either group and did not
differ between groups. Although mean values of pulmonary
capillary wedge pressure(PCWP), pulmonary vascular resistance
index (PVRI), and cardiac index(CI) appear to be 1lower in Group
2 than in Group 1, the differences between the groups were not
statistically significant.

Table 2 shows the results of the MIGET analysis. The

percentage of blood flow to true shunt or very low VA/Q
area(VA/Q<O.1) was significantly greater in Group 1 than in
group 2. The mean VA/Q of blood flow distribution was smaller

in Group 1, and the logarithmic standard deviation of blood flow

distribution, an index of v,/Q mismatching, was greater in Group

1 compared to Group 2 although the differences were not
statistically significant.

Figure 1, bottom, depicts PMA-stimulated superoxide
production of granulocytes. There was no difference between the
groups, suggesting that Sulfo Lewis C had no effect on the free-
radical production. Although the superoxide production was
elevated after injury, the changes were not significantly
different because of great variability among animals. However,
the increase in all animals was statistically significant (p<0.05
by ANOVA repeated measures), which suggests that granulocytes

were primed after smoke injury.
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Table 3 contains the histologic scores at the level of mid
trachea, distal trachea and segmental bronchus. Although the
damage scores at each level did not differ significantly between
groups, there was a significant difference observed in the
summed histological damage score from Mann-Whitney U
test (p=0.03).

PMN count in an alveolar space per field in Group 1 was
23*+1.5 /field, whereas that in Group 2 was 17+t1.1 /field, which
was significantly smaller than in Group 1.

There was no statistically significant difference between
two groups in PMN counts in BAL fluid. W/D in Group 1 was
5.3%1.8 and 5.110.8 in Group 2. There was not significant

difference between two groups.

Discussion

Smoke exposure results in acute airway inflammation which
is histologically characterized by a loss of cilia, erosion and
sloughing of bronchoepithelium, and pseudomembrane formation
with small airway occlusion and atelectasis(28). Although the
mechanism of the inflammatory process caused by smoke exposure
has not been defined, activated neutrophils have been thought
to be important in this process. Several studies have
identified interventions that exert beneficial effects on smoke
inhalation injury. Nitrogen mustard-mediated leukocyte
depletion attenuated the subsequent increase in lung
microvascular permeability, pulmonary hypertension, and hypoxia
after smoke inhalation injury(l). In addition, nebulized

dimethyl sulfoxide(DMSO) (29) and administration of a synthetic

14



antiprotease(30) reduced lung injury. We have previously
reported that treatment with pentoxifylline decreased airway
damége and pulmonary edema and was associated with fewer PMNs in
bronchoalveolar lavage fluid(3l). These findings support the
hypothesis that PMNs play a significant role in the process of
smoke injury.

Selectin blockade or binding may attenuate lung injury
following smoke inhalation by blocking adhesion of neutrophils
to vascular endothelial cells. The selectin family plays an
important role in the rolling stage of PMN adhesion while the
later stages are associated with the integrin family(CD11l, CD18)
and ICAMs(2).

In the present study oxygenation was significantly improved
by the administration of Sulfo Lewis C. This finding is
supported by the MIGET analysis which demonstrated significantly

less blood flow to low V,/Q lung segments in treated animals.

Guha et al. reported that anti-CD18 antibodies{(R15.7) did not
reduce pulmonary tissue PMN numerical density in an ovine model
of smoke injury after 24 hours of observation(32). In the
present model of smoke injury, there was a significant
difference in oxygenation during the second 24 hours of
observation, which suggests that PMN adherence is essential in
the development of airway inflammation. Goldman et al. reported
in a rabbit model of localized acid aspiration injury that
although treatment with the R15.7 had no effect on neutrophil
accumulations in the aspirated segment, it attenuated the remote

inflammatory response in the opposite lung as shown by

15



neutrophil accumulation and protein content of BAL fluid,
neutrophil sequestration in the lung, and pulmonary wet to dry
weight ratios(33). In smoke inhalation as well as acid
aspiration, the initial airway injury is produced by direct
cytotoxicity. Sulfo Lewis C is thought to protect the lung from
secondary injury induced by PMNs. As shown in Figure 1, bottom,
free radical production is elevated both 2 hours and 48 hours
postinjury, indicating that smoke injury results in priming of
circulating PMNs, which may be associated with secondary lung
injury. The findings of the smaller number of PMN in an
alveolar space and the attenuated airway injury are suggesting
that Sulfo Lewis C attenuated lung injury by PMNs with the
blockade of neutrophil migration. The results are indicating
that adhesion molecules play an important role in the pulmonary
circulation as well as in the systemic circulation. Several
studies reported that neither L-selectin nor P-selectin played
an important role in neutrophil migration into the pulmonary
circulation(34-36). These findings are inconsistent with our
results. Sulfo Lewis C has been reported to bind to E-
selectins(23). E-selectin may be required for neutrophil
migration into the lung. Moreover, the nature of leukocyte
traffic in the bronchial vessels has not been clarified yet. Aas
described above, smoke injury is primarily a bronchoepithelial
injury and the alveolar damage is not severe in our model,
although PMN infiltration inﬁo an alveolus is observed. The
bronchial artery supplies the major branches of the bronchial
tree. Selectins may participate in the neutrophil migration

from the bronchial vascular system into the airway.

16



The reason why there was no difference in neutrophil counts
in BAL fluid may be due to airway occlusion by cast. Cast
formation occurs following smoke inhalation injury. If the cast
occludes the airways, alveolar lavage can not be performed well
and cells are not collected very much. There was not
significant difference in»W/D between two groups either. In
smoke inhalation injury, the tracheobronchial epithelium sloughs
into the airway lumen and the sloughed cells and protein-rich
fluid exudate form intraluminal casts of the airways. Sulfo
Lewis C attenuated the cast formation leading to less blood flow
to low VA/Q area lung segments but had no beneficial effects on
the edema formation. The different mechanism may be involved
between cast and edema formation. However, the exact mechanism
remains unclear in the present study.

Mileski et al. reportedvthat administration of monoclonal
antibodies against CD 18(R15.7) and against CD l1lla{(R7.1)
increased susceptibility to infection with Pseudomonas
aeruginosa, whereas antibody'to L-selectin did not(37-38).
However, in congenital hereditary leukocyte adhesion
deficiency{(LAD) syndromes bacterial infections occur often.
Although bacterial infection is more severe in LAD I, in which
the R-subunit of the integrin molecule is absent, than in LAD
II, in which there is a deficiency of Sialyl Lewis X{(39), the
administration of Sulfo Lewis C might well increase the risk of
infection.

In summary Sulfo Lewis C significantly improved oxygenation
following smoke exposure. These findings are complemented by

the MIGET analysis, which demonstrated significantly less blood

17



flow to low VA/Q area lung segments in treated animals. The
data suggest that selectin blockade attenuates lung injury
following smoke exposure and support the hypothesis that PMNs
play a significant role in the process of smoke inhalation
injury.
Acknowledgements

We are grateful to Miss Linda Foy, Mr. James Lasko,

Dr.Geeth Srivastava, Dr.Roman Szweda and Mr.Toshio Ohuchi for

their technical support.

18



References

Basadre JO, Sugi K, Traber DL, et al: The effect of

leukocyte depletion on smoke inhalation injury in sheep.

Surgery 1988;104:208-215

Korthuis RJ, Anderson DC, Granger DN: Role of neutrophil-
endothelial cell adhesion in inflammatory disorders. J Crit

Care 1994;9:47-71

Hill J, Lindsay T, Rusche J, et al: A Mac-1 antibody
reduces liver and lung injury but not neutrophil
sequestration after intestinal ischemia-reperfusion.

Surgery 1992;112:166-172

Seekamp A, Mulligan MS, Till GO, et al: Role of 32

integrins and ICAM-1 in lung injury following
ischemia-reperfusion of rat hind limbs. Am J Pathol

1993;143:464-472

Hill J, Lindsay T, Valeri CR, et al: A CD18 antibody
prevents lung injury but not hypotension after intestinal

ischemia-reperfusion. J Appl Physiol 1993;74:659-664
Kapelanski DP, Iguchi A, Niles SD, et al: Lung reperfusion

injury is reduced by inhibiting a CD18-dependent mechanism.

J Heart Lung Transplant 1993;12:294-307

19



10.

11.

12.

Koike K, Moore EE, Moore FA, et al: CDllb blockade
prevents lung injury despite neutrophil priming after gut

ischemia/reperfusion. J Trauma 1995;39:23-28

Steinberg JB, Mao HZ, Niles SD, et al: Survival in lung
reperfusion injury is improved by an antibody that binds
and inhibits L- and E-selectin. J Heart Lung Transplant

1994;13:306-318

Seekamp A, Till GO, Mulligan MS, et al: Role of selectins
and remote tissue injury following ischemia and

reperfusion. Am J Pathol 1994;144:592-598

Walsh GJ, Carey FP, Cook DJ, et al: Anti-CD18 antibody
attenuates neutropenia and alveolar capillary-membrane
injury during gram-negative sepsis. Surgery

1991;110:205-212

Ridings PC, Windsor AC, Julita MA, et al: A dual-binding
antibody to E- and L-selectin attenuates sepsis-induced

lung injury. Am J Respir Crit Care Med 1995;152:247-253

Ulich TR, Howard SC, Remick DG, et al: Intratracheal
administration of endotoxin and cytokines: VIII. LPS
induces E-selectin expression;anti-E-selectin and soluble
E-selectin inhibit acute inflammation. Inflammation

1994;18:389-398.

20



13.

14.

15.

16.

17.

18.

19.

Coughlan AF, Hau H, Dunlop LC, et al: P-selectin and
platelet-activating factor mediate initial endotoxin-

induced neutropenia. J Exp Med 1994;179:329-334.

Mulligan MS, Wilson GP, Todd RF, et al: Role of El,ﬁz

integrins and ICAM-1 in lung injury after deposition of IgG

and IgA immune complexes. J Immunol 1993;150:2407-2417

Mulligan MS, Varani J, Dame MK, et al: Role of
endothelial-leukocyte adhesion molecule 1 (ELAM-1) in
neutrophil-mediated lung injury in rats. J Clin Invest

1991;88:1396-1406

Mulligan MS., Vaporciyan AA., Warner RL., et al:
Compartmentalized roles for leukocytic adhesion molecules

in.lung inflammatory injury. J Immunol 1995;154:1350-1363

Mulligan MS, Miyasaka M, Tamatani T, et al: Requirements
for L-selectin in neutrophil-mediated lung injury in rats.

J Immunol 1994;152:832-840
Mulligan MS, Watson SR, Fennie C, et al: Protective
effects of selectin chimeras in neutrophil-mediated lung

injury. J Immunol 1993;151:6410-6417

Mulligan MS, Smith CW, Anderson DC, et al: Role of

leukocyte adhesion molecules in complement-induced lung-

21



20.

21.

22.

23.

24.

25.

injury. J Immunol 1993;150:2401-2406

Paavonen T, Renkonen R: Selective expression of
sialyl-Lewis® and Lewis a epitopes, putative ligands for
L-selectin, on peripheral lymph-node high endothelial

venules. Am J Pathol 1992;141:1259-1264

Mulligan MS, Paulson JC, Frees SD, et al: Protective
effects oligosaccharides in P-selectin-dependent lung

injury. Nature 1993;364:149-151

Mulligan MS, Lowe JB, Larsen RD, et al: Protective effects
of sialylated oligosaccharides in immune complex-induced

acute lung injury. J Exp Med 1993;178:623-631.

Yuen CT, Lawson AM, Chai W, et al: Novel sulfated ligands

for the cell adhesion molecule E-Selectin revealed by the
neoglycolipid technology among O-linked oligosaccharides on

an ovarian cystadenoma glycoprotein. Biochemistry

1992;31:9126-9131

Ogura H, Saitoh D, Johnson AA, et al: The Effect of nitric
oxide on pulmonary ventilation-perfusion matching following

smoke inhalation injury. J Trauma 1994;37:893-898

Pick E: Microassays for superoxide and hydrogen peroxide

production and nitroblue tetrazolium reduction using an

22



26.

27.

28.

29.

30.

31.

32.

enzyme immunoassay microplate reader. Methods Enzymol

1986;132:407-421

Rodriquez-Roisin R, Wagner PD: Clinical relevance of
ventilation-perfusion inequality determined by inert gas

elimination. Eur Respir J 1990;3:469-482

Ogura H, Cioffi WG, Jordan BS, et al: The effects of
inhaled nitric oxide on smoke inhalation injury in an ovine

model. J Trauma 1994;37:294-302

Hubbard GB, Langlinais PC, Shimazu T, et al: The
morphology of smoke inhalation injury in sheep. J Trauma

1991;31:1477-1486

Kimura R, Traber LD, Herndon DN, et al: Treatment of
smoke-induced pulmonary injury with nebulized

dimethylsulfoxide. Circ Shock 1988;25:333-341

Niehaus GD, Kimura R, Traber LD, et al: Administration of
synthetic antiprotease reduces smoke-induced lung injury. J

Appl Physiol 1990;69:694-699

Ogura H, Cioffi WG, Okerberg CV, et al: The effects of
pentoxifylline on pulmonary function following smoke

inhalation. J Surg Res 1994;56:242-250

Guha SC, Herndon DN, Evans MJ, et al: Is the CD18 adhesion

23



33.

34.

35.

complex of polymorphonuclear leukocytes involved in smoke-
induced lung damage? A morphometric study. J Burn Care

Rehabil 1993;14:503-511

Goldman G, Welbourn R, Kobzik L, et al:  Neutrophil
adhesion receptor CD18 mediates remote but not localized

acid aspiration injury. Surgery 1995;117:83-89

Hogg JC, Doerschuk CM: Leukocyte traffic in the lung.

Annu Rev Physiol 1995;57:97-114

Bullard DC, Qin L, Lorenzo I, et al: P-selectin/ICAM-1
double mutant mice:Acute emigration of neutrophils into the
peritoneum is completely absent but is normal into

pulmonary alveoli. J Clin Invest 1995;95:1782-1788

36. Doyle NA, Bhagwan SD, Meek BB, et al: Neutrophil

37.

38.

margination, sequestration, and emigration in the lungs of

L-selectin-deficient mice. J Clin Invest 1997;99:526-533

Mileski WJ, Sikes P, Atile L, et al: Inhibition of
leukocyte adherence and susceptibility to infection. J Surg

Res 1993;54:349-354

Garcia NM, Mileski WJ, Sikes P, et al: Effect of
inhibiting leukocyte integrin(CD 18) and selectin(L-
selectin) on susceptibility to infection with Pseudomonas

aeruginosa. J Trauma 1994;36:714-719

24



39. Etzioni A: Adhesion molecule deficiencies and their

clinical significance. Cell Adhes Commun 1994;2:257-260

25



T.

26



Figure legends

Figure 1, top: Serial alveolar-arterial oxygen gradient (AaDO2)
following smoke exposure. AaDO2 increased prodgressively
following smoke exposure in G 1. Although the increase in AaDO2
in G 2 was similar to that observed in G 1 until 12 hours
postinjury, the increase during the second 24 houfs was
significantly blunted(p<0.05 by ANOVA repeated measures). Solid

line shows Gl; dotted line shows G2. *p<0.05 vs G 1.

Figure 1, middle: Serial mean pulmonary arterial pressure (MPAP)
following smoke exposure. Significant pulmonary hypertension
observed in Group 1(P<0.05 by ANOVA repeated measures) was not
seen in Group 2. Solid line shows Gl; dotted line shows G2. *

p<0.05 vs baseline.

Figure 1, bottom: Granulocyte superoxide(O," production

2 )
following smoke exposure stimulated by PMA. There was no

difference between the two groups. Although O{'production was

elevated after injury, the changeé were not significantly
different in either group because of great variability among
animals. However the increase in all animals was statistically
significant (p<0.05 by ANOVA repeated measures). Open bars show

Gl; shaded bars show G2.
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Table 1. Cardiopulmonary data following smoke inhalation injury

times (hr) )
pre 2 4 8 12 24 36 48
Pa02 G1 112 = 5 96 *+ 10 105 * 4 98 T+ 6 97 + 7 78 * 9 68 * 6 62 =* 6
(toxrr) G2* 113 =+ 3 100 * 6 98 + 8 97 + 6 87 + 8 93 * 8 79 % 6 78 £ 5
PCWP Gl 7.3 *# 0.4 85 1.1 7.3 + 0.8 6.5 *0.37.0 £ 0.78.0 £0.68.0 0.9 9.2 0.7
(mmHg) G2 7.2 £ 1.1 6.2 0.9 6.3 = 0.8 6.5 £1.55.8 £1.56.8 £+1.37.8 £1.4 6.5 1.1
PVRI G1 106 = 144 =+ 28 124 + 20 119 + 12 137 £ 20 150 *+ 21 136 + 10 159 + 28
G2 104 = 14 176 =+ 26 153 += 17 180 55 219 4+ 61 153 + 27 113 + 11 142 + 9
PaCO2 G1 29.44+ 2.5 31.5+ 9.0 31.0x 1.8 30.6 £+ 1.3 30.9 +# 1.3 33.8+ 3.8 35.3+ 3.9 36.3+x5.0
(mmHg) G2 30.3+ 1.2 31.2+#1.3 31.2%+ 1.7 31.5 £1.2 35.0 £ 2.2 33.9+ 3.1 34.2+ 1.6 34.3+ 1.4
MAP Gl 93 + 4 100 = 4 90 + 5 89 + 4 88 + 4 94 + 7 93 + 5 97 + 8
(mmHg) G2 92 % 4 95 * 7 97 % 6 93 + 3 88 + 3 85 =+ 4 94 + 5 94 + 8
TPRI Gl 1097+ 52 1075 *+ 99 870 * 68 968 + 104 1136 + 107 1033+ 84 854 =+ 63 984 + 171
G2 1155+ 146 1226 + 129 1153 % 121 1459 =+ 272 1372 + 227 1112+ 123 1004+ 85 1157 £ 173
CI Gl 6.5 + 0.3 7.6 0.9 8.1 + 0.7 7.3 *£0.76.1 £ 0.56.8 0.3 8.1 0.8 7.7 1.1
G2 6.7 0.7 6.4 £0.5 6.8 £ 0.5 5.5 *x0.55.5 *+0.66.1 £+ 0.57.3 + 0.3 6.8 =% 0.8

PCWP, pulmonary capillary wedge pressure; PVRI (dyne.sec/cm5/m2), pulmonary vascular resistance index;
MAP, mean arterial pressure; TPR(dyne.sec/cm5/m?), total peripheral resistance index;

CI(l/min/m2), cardiac index; Gl, Group 1l; G2, Group 2; PRE, presmoke measurement.

Values are means * SEM. * shows the serial change pattern was significantly different between the two

groups (p<0.05, ANOVA repeated measures)



Table 2
Va/Q distribution by MIGET analysis

Group 1 Group 2
Mean Va/Q of Q 0.32% 0.06 0.42 * 0.03
Log SDQ 1.03+£0.18 0.71 £ 0.09
Va/0<0.1(%Q) 22.4 £ 7.00 3.75 + 1.43*%

Q:pulmonary blood flow; Vph:ventilation; Mean Va/Q:mean value of
Q distribution; Log SDQ:Q dispersion on log V,/Q axis;
Va/0<0.1(%Q), percentage of Q distribution with V,/Q less than
0.1. * p<0.05 vs Group 1.



Table 3. Tracheobronchoepithelial Damage Score

Group 1 Group 2 *
Midtrachea 3.33 + 0.21 2.67 + 0.42
Distal Trachea 2.83 + 0.48 2.17 + 0.60
Proximal Bronchus 2.83 + 0.54 2.17 + 0.60
Distal Broncus 2.83 + 0.54 1.83 + 0.48

*The summation of the four site-specific damage scores in Group 2
is significantly smaller than in Group 1.
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Study of Glucose Intolerance in Extensively Burned Patients

Osamu Tasaki, Atsushi Hiraide, Tadahiko Shiozaki,
Toshiharu Yoshioka and Tsuyoshi Sugimoto

In extensively burned patients, glucose intolerance is a very serious problem. Fifty six burned
patients (burn index 37.1%+20.0, age 30.7+20.0) were studied for 14 days after injury. Sixteen
patients required insulin to control hyperglycemia. Administered insulin doses were correlated
with the burn index (R=0.614, P<0.01) showing that glucose intolerance is related to the
severity of the burn injury. In these patients, the ratio of daily administered insulin dose to calorie
intake (insulin * Calorie ratio : U/Cal) increased as the calorie supplement increased. In most of
these patients, the insulin ¢ Calorie ratio decreased with the decrease in the calorie supplement.
The maximum insulin + Calorie ratio of each patient was observed around the 8 th day after the
injury. Our results indicate that accelerated glucose intolerance in burn patients is related to the
calorie supplement in the early postburn period. In one case we could measure the plasma
concentration of insulin, glucagon and cortisol and urinary excretion of catecholamines for two
weeks. The rise in the insulin + Calorie ratio paralleled the marked increase in the plasma insulin
concentration and urinary catecholamine excretion. It is possible that the marked hyperin-
sulinemia stimulates sympathetic activity as reported elsewhere and secreted noradrenaline
increases the plasma glucose concentration. We speculate that this mechanism is the cause of
accelerated glucose intolerance in accordance with the calorie supplement in the early postburn
period.

Department of Traumatology, Osaka University Medical School
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Effects of Burns on Inhalation Injury
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Background: There are few studies of smoke injury combined
with thermal burn. Methods: Seven sheep (G1) received smoke
injury alone; eight (G2) received a 40% full-thickness scald
burn immediately after smoke injury. All animals were resusci-
tated with lactated Ringer’s solution and killed 48 hours after
injury. Cardiopulmenary variables and blood gases were mea-
sured serially. Ventilation perfusion distribution was analyzed
using the multiple inert gas elimination technique. Lung wet to
dry weight ratio and malondialdehyde levels were determined.
Results: G2 resulted in early significant hemodynamic changes.
Serum total protein concentration was significantly lower and

moke inhalation injury remains a primary determinant

of burn mortality and the mortality rate of patients with

burn and smoke inhalation injury is reported to be much
higher than that of patients with either injury alone.! Al-
though the pathophysiologic changes after smoke injury have
been investigated in many animal models,” there are few
studies of the pathophysiology of smoke injury combined
with thermal burn. Because most patients with smoke injury
also have a cutaneous thermal injury, it is important to clarify
the effect of combined injury on lung damage. Demling et al.
reported that the addition of a 15% total body surface burn
did not accentuate the degree of lung dysfunction 24 hours
after inhalation injury even though lung malondialdehyde
(MDA), an indicator of lipid peroxidation, was significantly
higher in animals with combined injury.>* Moreover, Mat-
sumoto et al. have reported that lung damage was minimized
when thermal injury preceded smoke inhalation injury.’ The
purpose of this study was to evaluate the effects of a 40%
total body surface burn combined with smoke inhalation
injury on pulmonary function over a 48-hour study period.

MATERIALS AND METHODS

Animals and Preparations

Fifteen female sheep, each weighing between 24 kg and 35
kg and devoid of antibodies to Q fever, were used in this
study. The animals were housed in covered outdoor runs,
treated for parasites (Ivermectin, St. Louis, Mo, 0.2 mg/kg
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malondialdehyde significantly higher in G2. However, Pao,,
lung wet to dry weight ratio, and ventilation perfusion mis-
matching in G2 did not differ from those in G1. Conclusions:
Although the addition of burn injury exaggerated the lung lipid
peroxidation and hypoproteinemia in the presence of more pro-
nounced hemodynamic changes, the pulmonary dysfunction was
not accentuated.

Key Words: Smoke inhalation, Thermal injury, Malondialde-
hyde, Hypoproteinemia, Multiple inert gas elimination tech-
nique (MIGET).

IM) and fed commercial chow and water ad libitum. The
animals were randomized to two groups: group 1 (G1; n = 7)
received smoke inhalation injury alone; group 2 (G2; n = 8)
received a 40% full-thickness scald burn immediately after
smoke injury. This study was approved by our institutional
animal use committee. The care of all animals was in accor-
dance with the guidelines set forth by the Animal Welfare Act
and other federal statutes and regulations relating to animals
and studies involving animals and with the Guide for the
Care and Use of Laboratory Animals (National Academy
Press, Washington, DC, 1996).

On the day before smoke exposure, all animals were in-
strumented while anesthetized with sodium pentobarbital (25
mg/kg IV, Sigma Chemical Co., St. Louis, Mo). Polyethylene
tubing was placed into a femoral artery and vein. One ra-
diopaque sheath introducer, through which a Swan-Ganz
catheter was placed, was inserted into an external jugular
vein. On the dorsum of each animal, 40% of the total body
surface area was shaved. Total body surface area was calcu-
lated by Meeh’s formula: A = 0.09W°%7, where A was
surface area in meters squared and W is body weight in
kilograms.

Smoke Exposure Methods

Twenty-four hours after instrumentation, the animals were
intubated with 7.5-mm orotracheal tube and exposed to in-
halation injury as described previously.® Smoke was gener-
ated by thermolysis of pine woodchips (100 g) in a crucible
furnace at a constant temperature of 400°C and air flow of 6.0
L/min. The smoke was delivered into a 20-liter reservoir and
mixed with a 2.0 L/min flow of 100% oxygen. Animals
received 15 exposure units of this mixture; one exposure unit
consisted of five breaths (tidal volume, 30 mL/kg, with a
breathhold of 6 seconds) and a S-second pause between
exposure units.
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Burn Injury

Immediately after smoke exposure, a 40% third-degree burn
was inflicted on the G2 animals. Additional pentobarbital (8
mg/kg TV) was administered, and the shaved area of each
animal in G2 was immersed in 100°C water for 30 seconds,
whereas animals in G1 were immersed in 24°C water. After
injury, the animals were housed in individual cages in a
climate-controlled facility (24°C), and observed for 48 hours
in the awake state while breathing spontaneously.

Fluld Resuscitation

G1 received lactated Ringer’s solution at a rate of 2 mL/kg/h.
G2 was resuscitated according to weight and burn size using
4 mL/kg/% burn for the first 24 hours. During the second day
of the study, all animals were administered lactated Ringer’s
solution at a rate of 2 mL/kg/h. Urine output was monitored
every 4 hours and the infusion rate was changed if necessary
to maintain an output of 0.5 to 2.0 mL/kg/h. Water balance
was calculated by subtracting urine output from fluid intake
every 4 hours.

Hemodynamic and Puimonary Measurements
Cardiopulmonary variables and blood gases were measured
before smoke and at 2, 4, 8, 12, 24, 36, and 48 hours after
smoke. Pulmonary artery pressure, pulmonary capillary
wedge pressure, and systemic arterial pressure were mea-
sured using a pressure monitor (Model 78354A, Hewlett-
Packard Company, Waltham, Mass) and a 1290A quartz
transducer (Hewlett-Packard Company). Cardiac output was
measured by the thermodilution technique (Cardiac Output
Computer Model 9520A, American Edwards Laboratories,
Santa Ana, Calif). Blood gas analyses were performed using
an IL1303 pH/blood gas analyzer (Instrumentation Labora-
tories, Inc., Lexington, Mass) and an 11482 CO-oximeter
(Instrumentation Laboratories, Inc.).

At the end of 48 hours, the animals were anesthetized with
sodium pentobarbital (25 mg/kg IV), orally intubated, para-
lyzed with pancuronium bromide (0.03-0.04 mg/kg, Pavu-
lon, Organon Pharmaceuticals, West Orange, NJ), and me-
chanically ventilated. During mechanical ventilation, the tidal
volume was set at 15 mL/kg and the respiratory rate at 12
breaths/min. Positive end-expiratory pressure was 5 cm H,O
and Fio, was maintained at (.21 throughout the remainder of
the study period.

Measurement of ventilation perfusion (V ,/Q) distribution
on a 50-compartment scale was performed using the multiple
inert gas elimination technique (MIGET).” Lactated Ringer’s
solution containing six inert gases (sulfur hexafluoride,
ethane, cyclopropane, halothane, diethyl ether, and acetone)
was infused at a rate of 0.1 mL/kg/min. After 40 minutes
when equilibrium of gas exchange occurs, arterial and mixed-
venous blood (10 mL each) was drawn anaerobically into
preweighed, heparinized syringes (30-mL matched glass,
Becton Dickinson and Company, Franklin Lakes, NJ) simul-
taneously. Mixed-expired gas was collected from a tempera-
ture-controlled (40°C) copper coil (outer diameter, 3.5 cm;
length, 550 cm) about 1 minute after blood sampling, com-
pensating for the delay of the mixing chamber. The gas
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concentration contained in these samples was immediately
analyzed by gas chromatography. From these data the V ,/Q
distribution was determined using a specially designed com-
puter program.

After the MIGET study, all animals were killed. The right
lung was excised for the determination of wet to dry lung
weight ratio (W/D) and lung MDA, and the left lung was
excised for histologic evaluation, W/D was determined by the
method described previously.® Briefly, the lung was homog-
enized with an identical weight of distilled water. Some of the
homogenized lung was stored at —80°C until MDA levels
were measured. Samples of the homogenate and blood were
weighed and dried at 80°C for 48 hours. Dry weights were
measured and the wet to dry ratios of the homogenate and
blood were calculated. A sample of the homogenate was
centrifuged at 12,500 rpm for | hour, and blood samples were
diluted with the same volume of distilled water. To determine
the hemoglobin levels in the homogenate and blood, 20 uL of
the homogenate supernatant or the diluted blood were added
to 2.5 mL of Drabkin’s solution. The absorbance of both
solutions was measured spectrophotometrically at 540 nm.
Then, the weight of the blood in the wet lung was calculated.
From these data, blood-free W/D was determined.

The MDA level in the lung was measured by the thiobar-
bituric acid (TBA) method.® Stored lung was homogenized in
a ratio of 1 g of sample to 2 mL of 20% of acetic buffer
(Ac-buffer; pH 3.5) by using a Polytron homogenizer. Three
milliliters of Ac-buffer and 1 mL of TBA reagent (0.67%
TBA aqueous solution plus glacial acetic acid, 1:1, v/v) were
added to 50 pL of homogenized sample. The reaction mix-
ture was heated at 98°C for 60 minutes in an oil bath. After
cooling with tap water, 3 mL of n-butanol were added and the
mixture was shaken vigorously. After centrifugation at 3,000
rpm for 15 minutes, the n-butanol layer was taken for fluoro-
metric measurement at 515 nm excitation and 553 nm emis-
sion. The fluorescence intensity of a standard solution was
also obtained by reacting 5 nmol of tetraethoxypropane with
TBA by the same steps.

The light microscopic histologic grading of the tracheo-
bronchial injury of each animal was performed using the
following criteria. Parenchymal damage was evaluated only
in an apical lobe because bronchoalveolar lavage was done in
other lobes. Thr tracheobronchoepithelial damage score is as
follows: 0 = normal; 1 = some loss of cilia, loss of apical
epithelium; 2 = marked attenuation of epithelium, single
layer of epithelium; 3 = <50% segmental/focal ulceration of
epithelium; 4 = >50% ulceration of epithelium. The lung
parenchyma damage score is as follows: 0 = normal; 1 =
minimal to mildly thickened alveolar septa, a few inflamma-
tory cells or a small, single focus of inflammatory cells; 2 =
multifocal areas with increased inflammatory cells in alveolar
septa and in alveoli; 3 = diffuse inflammation and/or edema
that affects less than half of the section; 4 = diffuse inflam-
mation and/or edema that affects more than half the section.

Statistical Analysis
Statistical analysis was performed using repeated measures
analysis of variance with post hoc Scheffe’s test for compar-
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FIB 1. Serial cardiac index (CI). The CI in G2 dropped immediately after burn
and increased gradually after resuscitation. The CI in G1 did not fall after smoke
injury. During the second 24 hours, the CI in both groups increased gradually as
hypoxemia worsened. *p < 0.05 versus G1.

ison between groups. An unpaired ¢ test was used for non-
repeated measures. Mann-Whitney U test was used for his-
tologic evaluation. Data are shown as mean * SEM.
Significance was assigned at p < 0.05.

RESULTS

The arterial carboxy-hemoglobin levels immediately after
smoke exposure were not different between groups (Gl:
91.7 = 1.3 vs. G2: 90.3 = 2.3%). All animals survived the
48-hour observation period.

Figure 1 depicts the serial cardiac index (CI) for the two
groups. The CI in G2 dropped immediately after burn and
increased gradually after resuscitation. The CI in G1 did not
fall after smoke injury. During the second 24 hours, the CI in
both groups increased gradually. The differences between
two groups were significant until 8 hour after injury but not
during the later period.

Figure 2 depicts the serial water balance. Water retention
was significantly greater in G2 than G1 during the first 24
hours due to resuscitation and burn edema, but there was no
significant difference during the second 24 hours. Total water
balance during 48 hours was significantly higher in G2
(122 = 12.2 mL/kg) than in G1 (58.2 + 18.3 mL/kg).

"-J
_a=a="Y 2

~12 ~20

~4 ~28 ~36 ~44
FIE 2. Serial water balance. Water retention was significantly greater in G2 than
G1 during the first 24 hours due to resuscitation and burn edema, but there was

no difference during the second 24 hours. *p < 0.05 versus G1.
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FIG 3. Serum total protein concentration. Although protein levels fell significantly

after injury in both groups, the decrease in concentration was much greater in G2
than G1. *p < 0.05 versus G1.

Figure 3 shows the serum total protein concentration. Al-
though protein levels fell significantly after injury in both
groups, the decrease in concentration was much greater in G2
than G1.

Lung MDA content, an index of lipid peroxidation, was
significantly higher in G2 than G1 (G1: 1.06 = 0.10 vs. G2:
1.38 = 0.08 nmol/mg protein; p < 0.05) suggesting that
combined injury results in increased cellular damage. Despite
these changes, the degree of lung dysfunction was not differ-
ent between the two groups. Figure 4 shows the serial Pao,.
Although progressive hypoxemia was noted in both groups,
there was no difference between two groups.

The results of the MIGET study demonstrated that the
degree of V,/Q mismatching in G2 was not different from
that in G1 (Table 1). Although mean V,/Q of Q was de-
creased and the Q dispersion on log V,/Q axis (Log SDQ)
and the percentage of Q distribution with V,/Q less than 0.1
(VA/Q < 0.1) area much greater than normal in both groups,
there was no difference between two groups.

Table 2 depicts other cardiopulmonary variables. In G2,
pulmonary vascular resistance index increased immediately
after injury, peaking at 2 hours and then decreasing gradually.
Pulmonary vascular resistance index in G1 increased gradu-
ally coincident with the progression of hypoxemia. Although
there is a statistically significant difference between the two

100+

80

mmHg

60 4

ol .

| | 1
32 48 hr
FIG 4. Serial Pao,. Although progressive hypoxemia was recorded in both groups,
there was no difference between two groups.
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TABLE 1. V,/Q distribution by MIGET analysis

TABLE 3. Lung damage score

Group 1 Group 2 Group 1 Group 2
Mean V,/Q of Q 0.27 = 0.02 0.27 = 0.04 Midtrachea 3404 3.1+06
Log SDQ 217 = 0.16 2.21 +0.19 Distal trachea 27 £06 2706
VA/Q < 0.1 (%Q) 38.3 = 547 34.7 + 3.58 Proximal bronchus 36+04 2605
. A Distal bronchus 3404 26*+1.4
Q, pulmonary blood flow; V,, ventilation; mean V,/Q, mean value of Apical lobe 19+ 0.1 07 +04

Q distribution; log SDQ, Q dispersion on log V,/Q axis; V,/Q < 0.1
(%Q), percentage of Q distribution with V,/Q less than 0.1.

groups, it was dependent on the difference during the first 12
hours. There was no difference during the second 24 hours.
Total peripheral resistance index was significantly higher in
G2 at 2, 4, and 8 hours after injury but significantly lower at
36 and 48 hours. Pulmonary capillary wedge pressure and
Paco, did not differ between two groups. Lung W/D ratios
were not different (G1: 5.94 = 0.38 vs. G2: 5.63 = 0.43)
although both values are greater than normal.

Table 3 contains the histologic evaluation. There was no
difference between groups. Bronchoepithelial damage was
extensive in both groups, whereas lung parenchymal damage
was very mild.

DISCUSSION

It is well known that the addition of smoke injury to burn
injury results in greater fluid requirements during initial re-
suscitation.'®? However, it is undefined whether the lung
dysfunction that occurs after smoke inhalation is accentuated
by the addition of thermal injury. In accordance with clinical
experience, the addition of a 40% total body surface burn in
this study was associated with significant changes in selected
hemodynamic indices, serum protein levels, and amount of
lipid peroxidation.

CI was significantly decreased in G2 as compared with G1
only during the first 8 hours after injury. Subsequent to that
time, CI was comparable in both groups. An adverse effect of

the decrease in CI on pulmonary function was not seen during
the first 48 hours after injury.

Hypoproteinemia occurred in all animals and was signifi-
cantly more severe in G2 as a reflection of increased vascular
permeability in burned tissue and the greater resuscitation
volumes given those animals. The rate of accumulation of
fluid in the lung (R) must be the difference between the
filtration rate {Q) and the lymph flow rate (L) R=Q — L =
K ((Pmv — Ppmv) —o(Ilmv — Ilpmv)) — L, where K is the
filtration coefficient, Pmv is the microvascular pressure,
Ppmv is the perimicrovascular (interstitial) fluid hydrostatic
pressure, [lmv is the plasma protein osmotic pressure, IIpmv
is the perimicrovascular protein osmotic pressure, and o is
the microvascular barrier reflection coefficient to protein.
Hypoproteinemia decreases IImv, which would be expected
to increase pulmonary edema. However, the oncotic gradient
(IImv-IIpmv) in the lung is known to be rapidly restored after
hypoproteinemia induced by burn or plasmapheresis,'*'*
suggesting that the increase in Q is of brief duration. In this
study, lung edema in G2, indexed as W/D ratio, was not
accentuated at all compared with G1. This finding confirms
that hypoproteinemia is not the sole cause of pulmonary
edema after inhalation injury. Demling et al. measured L with
lung lymph fistulas in an ovine model of smoke inhalation
with or without burn and reported that with combined injury,
L was still elevated at 24 hours after injury, whereas with
inhalation injury alone, L had returned to baseline values by
that time. Nonetheless there was no difference in lung water

TABLE 2. Cardiopulmonary data after smoke inhalation injury

Time (hours)

pre 2 4 12 24 36 48
PVRI G1 140+ 14 173 + 207 166 *+ 179 167 = 16° 184 = 21 195 + 17° 202 = 26 181 + 17°
G2 103 =11 368 + 33° 325 + 3¢° 251 + 20° 231 + 38° 170 = 15° 169 + 12° 150 + 18°
MPAP G1 154 +0.2 18.7 £0.8° 18.3 = 0.8 16.3 * 0.9 16.9 = 1.0 20.3 £ 1.3° 23.2 + 1.6° 232 + 25
(mmHg) G2 15503 228+ 1.7° 236 + 0.9° 21.6 +1.3° 20.4 = 1.4° 219 + 1.4 226 + 1.6° 247 = 2.1°
TPRI G1 1572 £ 127 1561 £ 1522 1518 * 1232 1478 + 887 1563 = 78 1390 = 116 1299 + 130%* 1096 + 110%°
G2 1373 + 62 2816 + 2912 2285 + 215° 1831 + 89° 1751 = 160 1093 + 116° 901 + 67° 764 + 39°
MAP Gl 91=x2 110 + 4° 97 + 3 89 £3 93+3 92 +3 99 + 57 97 + 14
(mmHg) G2 92=x3 102 + 5° 100 = 5° 95 4 91 x5 82+6 86 + 3° 88+3
Paco, G1 295+0.7 316+16 301 + 1.2 298+ 0.6 29.1+08 292 +16 304 =23 354 +46
(mmHg) G2 31.0 09 30805 31.8 0.7 31.6 = 0.6 316 £ 0.7 30.5 =09 32328 36.1 + 4.2
PCWP Gl 74+x05 6.7x08 79+07 64 +04 6.6 +0.6 79*+04 8.8=+14 78+19
(mmHg) G2 8905 9613 10.0 = 1.0 95+1.1 9511 103 =141 79*1.0 8.6 + 0.7

PVRI (dyne.sec/cm®/m?), pulmonary vascular resistance index; MPAP, mean pulmonary artery pressure; TPRI (dyne.sec/cm®/m?), total
peripheral resistance index; MAP, mean arterial pressure; PCWP, pulmonary capillary wedge pressure; G1, group 1; G2, group 2; pre, presmoke

measurement. Values are means = SEM.
4p < 0.05 vs. G2;
% p < 0.05 vs. pre.
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between the groups.®* These findings are consistent with our
results indicating that even if Q was increased with combined
injury, a proportional increase in L prevented greater fluid
accumulation from occurring in the lung.

Oxygen radicals released by activated polymorphonuclear
leukocytes are considered to be significant effectors of the
progressive airway inflammation, which occurs after smoke
injury. Polymorphonuclear leukocytes are reported to be ac-
tivated after burn injury.'® Therefore, our hypothesis was that
the addition of a burn injury would further activate polymor-
phonuclear leukocytes leading to a greater degree of lung
dysfunction. The tissue content of MDA is often used as an
index of free radical involvement in tissue damage by disease
or toxins. Indeed, in traumatic injury to the brain and spinal
cord, good evidence exists that iron ion release into the
surrounding area, and consequent iron-related free radical
reactions, worsen the injury.'® However, Gutteridge and Hal-
liwel reported that in some other diseases, it is likely that the
increase in free radical activity induced as a result of tissue
injury makes no significant contribution to the disease pa-
thology.!” In the present study, although lung MDA was
elevated in the animals with the combined injury (G2) sug-
gesting greater pulmonary damage compared with animals
with only inhalation injury (G1), no increase in lung dysfunc-
tion was noted. It is possible that the lung tissue in the
animals with both burn and smoke injuries had cellular dam-
age that was not functionally significant. Another possibility
is that the more severe cellular damage in the combined
injury group will exert deleterious functional effects at a later
time beyond the duration of the current study. The early lipid
peroxidation process might sensitize the lung to a second
insult such as infection in the postresuscitation period. Tran-
baugh et al. reported that they could not identify an early
increase in pulmonary capillary permeability in burn patients
even if inhalation injury was present. In their study, the
occurrence of sepsis after resuscitation resulted in rapid ac-
cumulation of lung water.'®'® Because pneumonia, a septic
process, is a common complication of inhalation injury in
burn patients, the morphologic and functional implications of
the combined injuries may become fully evident only with the
second insult of infection occurring after resuscitation.

In summary, the addition of a 40% burn to smoke injury
significantly exaggerated the early postinjury hemodynamic
changes as well as the hypoproteinemia and the lung content
of MDA noted in animals with only inhalation injury. Despite
these changes, hypoxemia, pulmonary hypertension, lung
edema and V,/Q mismatching were not accentuated during
the first 48 hours after injury by the addition of cutaneous
burn. A longer observation period may be necessary to iden-
tify morphologic and functional changes responsible for the
deleterious effects of combined cutaneous burn and smoke
inhalation injury.
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