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CHAPTER I 

INTRODUCTION 

Septic shock is a major complication of burns, trauma, and gastro

intestinal injury and surgery. Gram-negative sepsis is associated with 

a high mortality of 40-70% (68). In this country, 71,000 to 142,000 

cases of gram-negative rod bacteremia have been reported annually (114). 

Between 1968 and 1978, the number of deaths in the United States result

ing from septicemia, and more directly from endotoxin shock, increased 

117% (34). More recently, 1979 to 1982, the incidence of death from 

septicemia has increased 32%. Septicemia ranks fifteenth among the 

leading causes of death in the United States (80). Endotoxin shock can 

result from such damage to the vasculature as traumatic injury or septic 

venipuncture, either of which would allow bacteria to enter the blood 

stream. Endotoxin shock occurs in response to the toxic properties of 

the gram-negative bacteria's lipopolysaccharide moiety of the cell 

membrane (75). A canine model exhibiting the symptoms of endotoxin 

shock can be produced by the intravenous injection of toxic cell mem

branes. In the canine model, endotoxin shock results in a rapid, 

significant decrease in mean arterial blood pressure (MAP) followed by 

an increase in vascular permeability, loss of plasma, and hence circula

tory failure and death (24,27,75,44). 

In man, sepsis and toxic shock result in a slow-onset hypotension 

and circulatory failure (75,61). Patients with sepsis can be classified 
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generally as either hyperdynamic or hypodynamic (101). In both cases, 

hypovolemia and cardiac failure may occur (61). Hypotension in man has 

been attributed to an overall decrease in venous return that can not be 

attributed to hepato-splanchnic pooling (18). The more deleterious 

hypodynamic state is compounded by an increase in capillary permeabil

ity, which further decreases circulating blood volume (100). Some 

(7,33) have suggested that increases in capillary permeability are 

caused, in part, by increased levels of circulating prostaglandins. It 

has been demonstrated that patients with severe sepsis have increased 

plasma levels of PGF2 (41) and the thromboxane metabolite (TxB2) (83), 

which are thought to be associated with a higher mortality rate (89). 

The dog has been a popular species in which to study septic and 

endotoxin shock. The etiology of septic shock in the dog is by no means 

an exact reflection of the symptoms of clinical septic shock; however, 

there are enough similarities to make the canine model adequate for the 

study of some of the mechanisms of septic and endotoxin shock. The dog 

model given live E. coli organisms exhibits the hyperdynamic state of 

shock, whereas that given E. coli endotoxin demonstrates the hypodynamic 

state of shock (61). In endotoxin-induced shock, several separate 

phases are distinguishable. An early hypotensive phase is thought to 

result from an increase in pulmonary arterial pressure and resistance 

(2,26,72) and from a decrease in venous return (26,44,72). This 

decrease results from a transient sharp rise in portal pressure (4,72), 

which causes hepatic and gastrointestinal pooling. A later hypotensive 

phase is more sustained and has been reported to be caused, in part, by 

an increase in microvascular permeability, which results in the loss 
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of plasma (20, 81). This increase in permeability compounds the 

severity of endotoxin shock, creating a vicious cycle which results in 

circulatory failure and death. A release of humoral agents such as 

histamine (97,98), and prostaglandins TxA2, PGE, and P6F1 from tissue 

(30,40,112) have been reported to occur in the early stages of sepsis 

and canine endotoxin shock. These humoral agents, in addition to 

activated complement, act in concert to release lysosomal enzymes from 

macrophages and tissue (45,109). Local arteriolar and venular 

vasoconstriction result from histamine, prostaglandins, and symphathetic 

reflex. Organ perfusion is reduced, resulting in stagnant flow and 

ischemia in the microcirculation (14,66). All of the aforementioned 

factors have been suggested to act together to cause increased 

microvascular permeability in different organs (19,51,81), extravasation 

of macromolecules (24), and a progressive loss of plasma (9,26,27,36). 

Plasma loss results in a decrease in blood volume causing a further 

reflex symphathetico-adrenal stimulation, thereby completing the cycle 

resulting in circulatory failure (26). 

Various therapeutic treatments and drugs have been used experi

mentally and clinically to attenuate the severity of sepsis. Despite 

controversy, massive doses of glucocorticosteroids are still used 

commonly to treat clinical septic shock (15). The use of glucocorti

costeroids to treat endotoxin shock was reported first by Duffy and 

Morgan 34 years ago (37). Weil and Morgan reported in 1961 that gluco-

corticoisteroids were effective therapeutically only when used early and 

in large doses (108). Since then, numerous studies pertaining to the 

effects of steroids on septic shock have reported positive findings 
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while other studies have reported negative findings. The proposed 

mechanisms of corticosteroids during septic shock are many and varied. 

Administration of glucocorticoids before and during septic and endotoxin 

shock has been reported to stimulate gluconeogenesis (59,110), attenuate 

pulmonary congestion and pathology (42,86), increase blood flow and 

tissue perfusion (58,78), increase cardiac output (95), protect the 

liver during shock and ischemia (13,32), and increase survival rate 

(6,38,82). One of the most well-known biological effects of steroids is 

the stabilization of membranes. Glucocorticosteroids have been reported 

to stabilize membranes by preventing the endotoxin-induced activation of 

complement factors CI and C2 (28,98), by attenuating the endotoxin-

induced release of histamine (97,98), and by stabilizing lysosomal 

membranes (45,109). 

Ibuprofen has demonstrated promising results as a therapeutic 

treatment in experimental shock models. It has been suggested that 

endotoxin causes a release of arachidonic acid from one or more tissues, 

resulting in an increased synthesis of TxA2, PGE, and PGFl 

(30,31,40,112). Sodium ibuprofenate, a nonsteroidal anti-inflammatory, 

is known to inhibit prostaglandin production by blocking cyclooxygenase 

in the arachidonic acid metabolism pathway (1,99,105). There are 

numerous positive reports concerning the use of ibuprofen. Previously, 

investigators have demonstrated that ibuprofen administered after an 

injection of endotoxin, returns blood pressure to control levels rapidly 

(57,64). The decrease in cardiac output observed in canine endotoxin 

shock has been reported to be attenuated by ibuprofen (2,64). In 

addition, it has been shown that ibuprofen prevents the early increase 



5 

in pulmonary arterial pressure during endotoxic shock (2) and increases 

blood flow (11,70). It has been demonstrated that ibuprofen stabilizes 

lysosomal membranes (79,99) and attenuates the loss of plasma and for

mation of edema (56,57). These results suggest that ibuprofen could be 

beneficial in attenuating increased microvascular permeability in 

endotoxin shock. Increased levels of TxA2, PGE, and PGFl noted in 

clinical and experimental sepsis and endotoxin shock (83,112) are 

attenuated by ibuprofen (30,111). These prostaglandins are believed to 

compound the deleterious effects of endotoxin shock by their ability to 

increase platelet aggregation, cause vasoconstriction, and increase 

microvascular permeability (30,33,57). Because of the aforementioned 

positive pharmacodynamic properties of ibuprofen, many investigators 

have reported increased survival in dogs and rats in a seven-day, 

endotoxin-shock survival model (5,6,30,111). 

It is well established that septic and endotoxin shock cause an 

increase in microvascular permeability in clinical (100) as well as 

experimental models (20,24,51,81). Transcapillary macromolecule 

exchange due to capillary permeability has been studied historically by 

several techniques (107): 1) measuring the disappearance rate of 

radioactive molecules from the plasma; 2) determining the rate of 

macromolecule accumulation in and/or the disappearance from a tissue; 3) 

microscopically visualizing the leakage of fluorescein or dye-labeled 

molecules from the vascular compartment; 4) applying the science of 

osmotic transients; 5) comparing the concentration or composition of 

endogenous proteins or macromolecules in the lymph to that in plasma. 

In the present study, the latter method was chosen. The concentration 



of total protein or of known specific proteins can be measured in the 

plasma and compared with its concentration in the lymph. If lymph flow 

(J. ) is also known, a series of calculations can be used to provide an 

estimate of capillary permeability in the tissue area of lymph origin. 

An adaptation of the clearance equation introduced by Thomas Addis (3) 

is used in this study to determine the volume of plasma cleared of 

protein per minute into the thoracic lymph. Protein clearance results 

were strengthened by also calculating the protein flux which provides an 

estimation of the amount of protein passing into the lymph, indepentent 

of changes in the plasma protein concentration. An increase in protein 

clearance and flux into the lymph could be indicative of an increase in 

capillary permeability; however, an increase in lymph flows due to 

increased capillary hydrostatic pressure could also increase the protein 

clearance and flux. Other methods of calculating capillary 

permeability, therefore, are necessary. An adaptation of the 

Kedem-Katchalsky (65) equation solving for the permeability-surface area 

product (PS) was used to provide an estimation of capillary 

permeability. This equation assumes that solute concentration across 

the capillary wall is a linear function and incorporates the measured 

reflection coefficient (ad) of capillary walls. The ad is a measurement 

of membrane selectivity to the passage of individual macromolecules. A 

ad of one would indicate that the solute being measured is totally 

"reflected" or that the membrane is impermeable to the passing of the 

solute. As the ad drops below one and approaches zero, the membrane is 

assumed to be more "leaky" or permeable to solute passage. Incorpor

ating all the above calculations to data in this study will provide a 



7 

reasonable estimation of capillary permeability in the tissues drained 

by the left thoracic duct during canine endotoxin shock. 

The scope of this study was threefold. First, the extent of 

endotoxin-induced changes in vascular permeability in the tissues 

drained by the left thoracic lymph duct were investigated on the basis 

of protein macromolecular extravasation. Second, the increased extrava

sation of plasma and solutes resulting from increased permeability 

was compared to that caused by increased vascular hydrostatic pressure 

alone. Finally, this study was designed to evaluate the degree of 

protection methylprednisolone sodium succinate and sodium ibuprofenate 

afford microvascular membranes during gram-negative endotoxin shock, and 

to determine if pretreatment with each drug could attenuate, totally 

or selectively, the enhanced permeability to macromolecules of 

ascending molecular weight. The study of different molecular weight 

macromolecules could determine if protection was afforded to the small 

and/or large pore systems of capillary membrane solute exchange. 



CHAPTER II 

METHODS 

Surgical Procedures and Experimental Preparation 

Adult, male or female, mongrel dogs weighing 16-21 kg were used in 

this study. Prior to any other intervention, each animal was anesthe-

sized initially with intravenous (iv.) pentobarbital sodium (30 mg/kg). 

In each animal, a tracheostomy was performed, and the animal was 

ventilated with room air by a Harvard large-animal respirator to 

maintain an end tidal COp concentration of 5.0 ± 0.5% as determined with 

a Beckman LB-2 COp gas analyzer. Artificial ventilation permitted 

equalization of the ventilation rate among the animals and prevented 

accidental death by asphyxiation during the experimental procedure. The 

right carotid artery was cannulated (PE-180) for the collection of 7-ml 

blood samples. The right femoral artery and vein were cannulated 

(PE-180) for monitoring arterial and venous pressures, respectively, 

with a pressure transducer which was calibrated before each experiment, 

and the pressures were displayed on a Beckman (R411) chart recorder. 

Once the vessels were cannulated, a left thoracotomy was perfomed 

through the 8th or 9th intercostal space. A portion of the descending 

aorta was isolated and the fascia was separated along a 40-50 millimeter 

area. The intercostal arteries in this area were ligated and cut to 

allow easy access to the ascending left thoracic duct. A portion of the 

ascending left thoracic duct vessel was isolated, ligated rostrally, and 
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cannulated caudally with a PE-50 heparinized catheter. The catheter was 

tied in place and secured to the thoracic wall. Lymph flow was collect

ed in a graduated vial suspended under and connected to a Statham force 

transducer. Lymph flow rate was measured by recording (Beckman R411 

chart recorder) the displacement rate of the calibrated force trans

ducer. The force transducer was calibrated so that 0.1 ml of lymph 

would result in a 1-mm horizontal deflection of the chart recorder 

paper. The lymph flow was recorded for 3-min intervals at a chart 

recording speed of 1 mm/s. The resulting slope on the chart recorder 

paper could be extrapolated to millimeters per minute. Three 1-min 

segments of the slope were counted and averaged to determine the lymph 

flow rate during that sampling period. The lymph collected during a 

3-min period to determine flow rate, was saved for further analysis. 

All additional lymph collected between sampling times was returned to 

the animal e\/ery 30 min by slow IV infusion. Arterial and venous blood 

pressure tracings, blood and lymph sampling, and lymph flow rates were 

taken after the surgical preparation (-60 min), after a 1-h stabilizing 

period (time-0), and at 5, 10, 30, 60, 120, and 180 min after the 

stabilization period. 

Drugs 

Pentobarbital sodium (Nembutal) was used to anesthetize the animals 

(Abbott Laboratories, North Chicago, Illinois). Each milliliter of 

solution contained 50 mg of pentobarbital in a vehicle of 40% propylene 

glycol and 10% alcohol. Animals were anesthetized with an initial iv. 

dose of 30 mg/kg animal weight and supplemented in 1-ml aliquots as 
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needed to maintain a light stage-Ill level of anesthesia. 

The Escherichia coli endotoxin (Lipopolysaccharide B, E. coli 

(055:B5) was purchased from Difco Laboratories (Detroit, Michigan). 

Endotoxin, dissolved in 10 ml normal saline, was administered intra

venously in a dose of 0.5 mg/kg body weight. In each animal, endotoxin 

was administered immediately after the time-0 sample collection and 

administration of therapeutic drug. 

Heparin (sodium heparin, 1000 USP units/ml) was obtained from 

Organon labs (West Orange, New Jersey). Heparinized saline was made by 

adding 1 ml (1000 units) heparin to 100 ml normal saline. This solution 

was used to flush the catheters as needed and after sample collections. 

Undiluted heparin was used to flush the lymphatic catheter before 

cannulation. 

Solu-Medrol® (methylprednisolone sodium succinate) was obtained 

from the Upjohn Company (Kalamazoo, Michigan). Each lyophilized vial 

was reconstituted with 8 ml normal saline. When reconstituted, each 

milliliter of solution contained 62.5 mg methylprednisolone. Animal 

body weight in kilograms was used to calculate an injectable dose of 30 

mg/kg. The injectable volume never exceeded 11 ml. Methylprednisolone 

was administered intravenously at -60 min and again at time-0. 

Sodium ibuprofenate, prediluted in a vehicle of 0.9% benzyl alcohol 

to a concentration of 50 mg ibuprofen per ml of vehicle, was obtained 

from the Upjohn Company (Crawley, West Sussex, England). The dosage was 

adjusted for animal body weight to provide an injectable concentration 

of 3.75 mg/kg. The total injectable volume never exceeded 2 m l . 

Ibuprofen was administered intravenously at -60 minutes and at time-0. 
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A supersaturated solution of potassium chloride was used to euthan

ize the animals. At completion of the experiment, 10 ml of KCL was 

injected intravenously. 

Experimental Protocol and Groups 

Seven experimental groups of dogs each were used in this study. In 

each group, the data obtained from an animal was included only if the 

animal survived the experiment. Each experimental group contained 6 

survivors. All groups, except the permeability control group, followed 

the same general experimental protocol (Table 1). 

A group of saline control (SC) animals was included to compare 

permeability dynamics in a high lymph flow model with an assumed normal 

vascular permeability. The SC animals were prepared according to the 

general surgical protocol described above. Following a 1-h stabili

zation period the animals were administered a series of rapid venous 

saline infusions of a volume equaling 3% body weight to increase venous 

pressure, thus, resulting in an increase in microvascular hydrostatic 

pressure and lymph flow. This group did not receive endotoxin or any 

therapeutic drug. Infusion was completed within 5 min. Animals were 

allowed to stabilize for 1-h before a baseline blood pressure reading, 

blood and lymph samples, and lymph flow rate were obtained prior to the 

first saline infusion. The first saline infusion was begun at time-0. 

Subsequent pressures, blood and lymph samples, and lymph flow rates were 

obtained at 5, 15, and 30 min (Figure 1). A second infusion of equal 

volume was administered at 45 min, followed by data and sample collec

tion at 50, 60, 75, and 90 min. All blood and lymph samples 



TABLE 1 

Experimental Protocol 

12 

GROUP - 60 MINUTES TIME-0 

Sal MP 

II 

III 

IV 

V 

VI 

VII 

Vehicle 
Control 
(VC) 

MPC 
Drug 

Control 
(MPC) 

I 
Drug 

Control 
(IC) 

EX 
only 
(EX) 

MP&EX 

I&EX 

YES 

NO 

NO 

YES 

NO 

NO 

NO 

YES 

NO 

NO 

YES 

NO 

NO 

NO 

YES 

NO 

NO 

YES 

Sal MP 

YES NO NO 

NO 

NO 

NO 

NO 

NO 

YES NO 

NO YES 

NO NO 

YES NO 

EX 

NO 

NO YES 

NO 

NO 

YES 

YES 

YES 

Each group consisted of 6 dogs. The following IV injections were given 
at the above indicated times: Sal (Saline 10ml); MP (Methylprednisolone 
30 mg/kg); EX (Endotoxin 0.5 mg/kg); I (Ibuprofen 3.75 mg.kg). 
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were submitted to the same analysis and computations as those obtained 

from the other groups. 

The remaining 6 groups received the same surgical preparation as 

the SC group, but underwent the general 4-h experimental protocol 

illustrated in Table 1. Group II served as a sham-operated vehicle 

control (VC) group. The VC group received only bolus injections of 

normal saline at -60 min, to mimic therapeutic drug injection, and at 

time-0 instead of drug or endotoxin. A drug control group was included 

for each therapeutic drug used for pretreatment. Group III, the methyl

prednisolone control (MPC) group, received only bolus iv. injections of 

methylprednisolone (30 mg/kg) at -60 min and time-0. Group IV, the 

ibuprofen control (IC) group, received only bolus iv. injections of ibu

profen (3.75 mg/kg) at -60 min and time-0. Group V, receiving endotoxin 

alone instead of drug pretreatment, was designated as the untreated 

endotoxin (EX) group. The EX group received only bolus iv. injections 

of endotoxin (0.5 mg/kg) at time-0 after a 1-h stabilization period. 

Two endotoxin groups were pretreated with drugs. Group VI received 

methylprednisolone (30 mg/kg) before endotoxin (MP&EX) by bolus iv. 

injection at -60 min. Immediately after the 60-min stabilization period 

and the time-0 sample collection, a second bolus iv. injection of 

methylprednisolone (30 mg/kg) was administered, followed by a bolus iv. 

injection of endotoxin (0.5 mg/kg). Group VII, the ibuprofen pretreat

ment (I&EX) group was similar to the MP&EX group in that ibuprofen (3.75 

mg/kg) was administered intravenously at -60 min and at time-0 before 

endotoxin was injected. 

The following parameters were measured for each of groups II 
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through VII. Arterial and venous blood pressure readings were taken at 

-60 min (before drug injection), at time-0 before the administration of 

drug and endotoxin, and at 2, 10, 30, 60, 120, and 180 min. Lymph flow 

rates, as well as blood and lymph samples for protein analysis, were 

taken before drug administration at -60 min, at time-0 before drug and 

endotoxin injections, and at 5, 10, 30, 60, 120, and 180 min. 

Sample Analysis 

Protein Analysis: 

Blood samples were centrifuged, and the plasma was separated and 

frozen until analysis could be performed. Total proteins were assayed 

with the Bio-Rad coomassie blue dye binding method (Bio-Rad Chemical 

division, Richmond, California) for all plasma and lymph samples collect

ed during the experiment. This assay is based on the differential color 

change of a dye (coomassie blue) in response to various concentrations 

of protein (17). According to the standard assay procedure, 0.1 ml of 

sample (plasma or lymph), standard, or control was combined with 5.0 ml 

of the diluted (1:5) dye reagent. The resulting color reaction was 

measured with a Beckman spectrophotometer (model 25) at an optical 

density (OD) of 595 nm versus a reagent blank. The dye-binding assay 

adheres to Beer's law providing a linear response to protein concentra

tion; therefore, a serial dilution of a known bovine albumin standard 

(1.2 mg/ml) was analyzed with each batch of dye reagent. A standard 

curve was constructed in which the ODs of various standard dilutions 

were plotted against their known concentrations. A serum control 

(Dade-Monitrol IX chemistry control) was assayed with each determination 
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of unknowns. Assay results were acceptable only when the control was in 

the manufacture's suggested range. All plasma and lymph samples were 

run in duplicate, and results were accepted only if the paired samples 

corresponded within 50 nm OD of each other. The total protein is 

reported in grams/deciliter (gm/dl) to be consistent with the standard 

units in which total plasma protein is normally reported. 

All plasma and lymph samples collected for each group were analyzed 

further by nondenatured discontinous polyacrylamide gel electrophoresis. 

A gel tube electrophoresis procedure was used for separating proteins 

into molecular weight (MW) fractions, which was adapted from Sigma 

Chemical Company (St. Louis, Missouri), which is a modification of the 

methods of Bryan (22). With this method, proteins were electrophoresed 

through a stacking gel of a high-percent acrylamide concentration 

overlying a separating gel of a lesser-percent acrylamide concentration. 

Each gel layer was made with a different buffer. Each electrophoresis 

apparatus tank buffer differed in composition and pH from the gel 

buffers. Reagents were prepared as demonstrated in Table 2. Samples 

were electrophoresed through a 6% separating gel prepared as illustrated 

in Table 3. Gels were poured into tubes and allowed to polymerize under 

ultraviolet light for 1-h. Plasma and/or lymph samples were applied to 

the tops of gels in concentrations of 2.0-10.0 mg/ml. Compartments of 

the electrophoresis apparatus were filled with buffer, and the gel tubes 

were electrophoresed at a constant current of 1 milliamp per gel until 

the marker dye (bromphenol blue) was completely through the stacking gel 

(45 min). Current was then applied at 2 milliamps per gel until the 

marker was approximately 1 cm from the anodic end of the gel (2 h). 
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Reagent Preparation for Polyacrylamide Gel Electrophoresis 

Reagent Chemical Amount 

Lower Tank 
Buffer 

Upper Tank 
Buffer 

Separating Gel 
Buffer 

Stacking Gel 
Buffer 

Acrylamide 
Solution for 
Separating Gel 

Acrylamide 
Solution for 
Stacking Gel 

Riboflavin 
Solution 

Sucrose 
Solution 

TRIS 
HCL (IN) 
H20 (DI) 

TRIS 
Glycine 

H20 (DI) 

TRIS 
N,N,N',N'-

Tetramethylethylenedi ami ne 
HCL (cone.) 
H20 (DI) 

TRIS 
N,N,N',N'-

Tetramethylethylenedi ami ne 
HCL (cone.) 
H20 (DI) 

Acrylamide 
N,N'-Methylenebisacrylamide 

H20 (DI) 

Acrylamide 
N,N'-Methylenebisacrylamide 

H20 (DI) 

Riboflavin 
H20 (DI) 

Sucrose 
H20 (DI) 

Ammonium Ammonium Persulfate 
Persulfate Solution H20 (DI) 

Fixative 
Solution 

Staining 
Reagent 

Sample 
Buffer 

Methanol 
Acetic Acid 
H20 (DI) 

Coomassie Brillant Blue R 
Fixative Solution 

Bromophenol Blue 
Stacking Gel Buffer 

Glycerol 
H20 (DI) 

22.7g 
150ml 
to 3L 

13.68g 
9.0g 

to 3L 

36.3g 

0.23ml 
pH to 8.9 
to 100ml 

5.98g 

0.46ml 
PH to 6.7 
to 100ml 

28. Og 
0.74g 

to 100ml 

10.Og 
2.5g 

to 100ml 

4.0mg 
to 100ml 

5.0g 
to 100ml 

40.0mg 
5.0ml 

1200ml 
210ml 
159ml 

3.0g 
3.0L 

2.5mg 
10ml 
10ml 
10ml 
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TABLE 3 

Preparation of Gels 

Reagent Stacking Gel Separating Gel 
(6% gel cone.) 

Gel Buffer 
(Stacking or Separating) 

Acrylamide Solution 
(Stacking or Separating) 

Sucrose Solution 

Ammonium Persulfate 
Solution 

Riboflavin Solution 

2.0 ml 

4.0 ml 

8.0 ml 

2.0 ml 

6.00 ml 

10.28 ml 

28.68 ml 

3.00 ml 
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Gels were then removed from tubes and placed in a fixative solution for 

1 h. After the fixation, gels were placed in staining solution (coomas

sie brilliant blue R) overnight. Gels were then removed and destained 

with a methanol and acetic acid solution (Table 2) for 24 hours. 

When destaining was complete, gels were placed in glass tubes. The 

stained banding pattern was then quantified with a Helena Quick-Quant 

III (model 1270). Quantitation of each gel with an optical scanner 

determined the concentration of each fraction in milligrams/milliliter 

of sample. With each electrophoresis, MW standards (Sigma) and a 

protein electrophoresis control (Beckman) were included. Molecular 

weight standards were selected in a MW range of 66,000 to 900,000. The 

two MW standards used were 1) bovine serum albumin with a monomer of 

66,000 MW and a dimer of 132,000 MW and 2) apoferritin with a monomer of 

450,000 MW and a dimer of 900,000 MW. Plasma and lymph electrophoretic 

patterns were compared to the patterns of the MW standards (Figure 2). 

For all samples, four plasma and lymph fractions of increasing MW were 

chosen and quantified. The same four protein peaks from each tracing 

were identified for comparison as demonstrated in Figure 2. For 

convenience, fractions were labeled simply I-IV. When compared with the 

distance the MW standards migrated from the point of origin, the 

selected fractions fell in the following ranges of MW: fraction I 

60,000; fraction II 100,000; fraction III 400,000-500,000; and fraction 

IV 900,000-1,000,000. 

Computer Analysis: 

Three programs were modeled to the experimental design and written 
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in Basic-plus (87). All programs were designed to accept data for each 

animal and sampling time. The first program was designed to receive 

data in its raw form and to store this data orderly in files to be 

accessed by the other two programs. Blood pressure data (systolic and 

diastolic), venous pressures, lymph flow rates, total protein concentra

tions, and the concentration of each electrophoretic fraction were filed 

by the first program. The second program was designed to access blood 

pressure, lymph flow rates, and total protein data filed from program 

one. The second program calculated mean arterial blood pressure (MAP), 

total protein clearance, total protein flux, lymph/plasma total protein 

ratio (L/P), and permeability-surface area products (PS) for total 

protein. Data resulting from the computations was then printed and 

stored in new files. The third program was developed to handle computa

tions for the electrophoresis data filed from the first program. For 

each electrophoretic fraction, the clearance, flux, L/P ratio, and PS 

product were computed, printed, and stored in files. 

Calculations: 

The mean arterial pressure was computed by the standard formula: 

Eq. 1) MAP = D + [(S-D) / 3] 

Where: MAP = Mean arterial pressure (mmHg) 

D = Diastolic pressure (mmHg) 

S = Systolic pressure (mmHg) 
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The volume of plasma cleared of protein per minute into the 

lymphatics was determined. Thomas Addis is reported to have been, in 

1917, the first to use the clearance equation (3). The term "clearance" 

was coined and defined later by Moller et al. in 1929 (76). Although 

clearance is usually defined in relation to the passage of solutes from 

blood into the renal tubules, it can have an application to this study 

in the following form: 

Eq. 2) CL = (J^ X C^) / Cp 

Where: CL = Protein clearance (ml/min) 

J. = Lymph flow rate (ml/min) 

C. = Lymph-protein concentration (mg/ml) 

Cp = Plasma-protein concentration (mg/ml) 

The amount of protein removed from the vascular compartment into 

the lymph per unit time was calculated as protein flux (PF): 

Eq. 3) PF = CL X Cp 

Where: PF = Protein flux (mg/min) 

CL = Protein clearance (ml/min) 

Cp = Plasma-protein concentration (mg/ml) 

Equation 3 is similar to equation 2 but allows for calculation of 

transcapillary protein flux independent of plasma protein changes. 
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Renkin (90) described one of the first methods for analyzing 

lymphatic protein fluxes in terms of the PS. Moreover, Renkin inter

preted an equation set forth by Kedem and Katchalsky (65) that describes 

solvent and solute flow across porous barriers: 

Eq. 4) Js = (1-a) Jv Cs + WATT 

Where: Js = Net solute flux (mg/min) 

Jv = Net volume flow (ml/min) 

a = Reflection coefficient 

Cs = Average concentration of solute within the 

porous structure of the membrane (mg/ml) 

0) = Solute mobility 

ATT = Transmembrane osmotic 

pressure gradient 

Under conditions in which lymph flow (J. ) and the protein concentration 

of lymph (C. ) and plasma (Cp) are in a steady state, J^ can be substi

tuted for Jv. In addition, the PS and the transcapillary solute concen

tration difference (Cp - C. ) can be substituted for COATT. Renkin assumed 

that if a in the above equation were 1, the Kedem-Katchalsky equation 

could describe Js as: 

Eq. 5) Js = PS AC 

Where: Js = Net solute flux (mg/min) 
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PS = Permeability-surface area product (ml/min) 

AC = Transcapillary protein concentration difference (mg/ml) 

The net solute flux (Js) can be described also as the product of lymph 

flow and lymph protein concentration (J^ X C, ). The latter equation can 

be rewritten to yield an equation to describe the PS. 

Eq. 6) PS = (J^ X C^) / (Cp - Cj_) 

Where: PS = Permeability-surface area product (ml/min) 

J|̂  = Lymph flow (ml/min) 

C|̂  = Lymph-protein concentration (mg/ml) 

Cp = Plasma-protein concentration (mg/ml) 

Equation 6 has been used by Renkin et al. (43, 90, 93), and others (19, 

20) to describe capillary permeability to macromolecules. In some 

tissue capillary beds, such as those drained by the left thoracic duct, 

the reflection coefficient (ad) of capillary walls is less than 1. 

Equation 6 ignores convection whereas the movement of macromolecules 

across capillary walls involves both diffusive and convective processes. 

The previous equation, therefore, must be rewritten to correct for the 

amount of transcapillary solute exchange due to convective processes. 

Using the measured ad described below (eq. 12), the previous equation 

solving for PS (eq. 6) can be redefined to yield: 

Eq. 7) PS = [(JL X C L ) / ( C P - C L ) ] - [JL (1-ad) Cs/(Cp-CL)] 
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Where: PS = Permeability-surface area product (ml/min) 

J|̂  = Lymph flow (ml/min) 

Cp = Plasma-protein concentration (mg/ml) 

C^ = Lymph-protein concentration (mg/ml) 

ad = Reflection coefficient 

Cs = Average transcapillary solute concentration (mg/ml) 

If it is assumed that solute concentration gradient across the capillary 

is linear: 

Eq. 8) Cs = (Cp + C^) /2 

Equation 7 can be rearranged to yield the equation used in the present 

study to describe the PS, 

eq. 9) PS = [ J L / ( C P - C L ) ] - [C^ - ((l-ad)(Cp+CL))/2] 

Where: PS = Permeability-surface area product (ml/min) 

J. = Lymph flow (ml/min) 

C| = Lymph-protein concentration (mg/ml) 

Cp = Plasma-protein concentration (mg/ml) 

ad = Reflection coefficient 

Where the right side of eq. 9 describes the convective solvent flux. 

The osmotic reflection coefficient (ad) was first defined by 

Staverman in 1951 (104) as an important parameter related to membrane 
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selectivity. The ad is estimated on the basis of the steady-state 

relationship between L/P ratio and lymph flow as described by Granger et 

al̂ . and Taylor et al. (46, 48, 106). It is assumed that the ad equals 

zero if the membrane is freely permeable to the molecule and equals one 

if the solute is reflected totally by, or impermeable to the membrane. 

In 1963 Patlak et al. (85) derived an equation that incorporates a 

selectivity factor, ad, to describe solute flux across a membrane; 

Eq. 10) Js = Jv(l-ad) [(Cp-C^) e"^ / 1-e"^] 

Where: Js = Net solute flux 

X = (l-ad)Jv/PS 

Jv = Solute flow (ml/min) 

ad = Reflection coefficient 

C| = Lymph-protein concentration (mg/ml) 

Cp = Plasma-protein concentration (mg/ml) 

The Patlak equation can be solved for Cj_/Cp (L/P) to yield the following 

equation: 

Eq. 11) C^/Cp = (1-ad) / (1-e"^) 

The exponential term approaches zero as Jv -HX.. It is clear, therefore, 

that at high lymph flows: 

Eq. 12) C^/Cp ._ i.^d 
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When lymph flow is increased from its normal value, L/P (filtration 

rate dependent) decreases until sufficiently high lymph flows are 

obtained and L/P becomes uninfluenced by further increases in lymph flow 

(filtration rate independent). Solute transport becomes filtration 

rate independent at high lymph flows because, in a high flow state, 

convective exchange accounts for most of the solute flux (106). 

Considering the opposite extreme, when lymph flow is zero, the L/P 

approaches 1.0 because solute flux results predominately from diffusion 

and depends on the transcapillary concentration gradient. When these 

assumptions are considered in conjunction with the data in the present 

study, a curve can be constructed to fit the mean of L/P values obtained 

at high lymph flows. The ad of each electrophoretic MW fraction was 

estimated by plotting L/P against lymph-flow data obtained during the 

experiment (after administration of endotoxin) according to the method 

of Granger et al. (48). In the control, ads were obtained by rapid 

infusion of saline (3% by body weight) to increase capillary hydrostatic 

pressure and lymph flow. The steady-state, filtration-independent L/P 

ratio obtained in this fashion provides an estimation of a control ad. 

Statistical Analysis 

Data from the saline loaded group (SC) was analyzed with a 

two-tailed Student's t-test for paired data, comparing postsaline-

infusion values with time-0 values or presaline values to postsaline 

values. Data from all other groups was analyzed with split- plot 

analysis of variance (general linear model) for time periods 2-180 min, 

5-30 min, and 60-180 min to compare all groups (103). Analysis of 
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variance was used to compare data from all groups at -60 min and time-0, 

and to compare data for each MW fraction (103). In addition, data were 

analyzed by Duncan's multiple range test to determine signidicant dif

ferences among groups. All graph sympols indicate means (N=6) while 

bars indicate ± 1 standard error of the mean (SEM). Significance was 

accepted at p < 0.05. 



CHAPTER III 

RESULTS 

Saline-Loaded Permeability Control 

Rapid saline infusion equaling 3% of the animal's body weight did 

not effect significantly the mean arterial pressure (MAP) as illustrated 

in Figure 3. The MAP measured at each time period was not significantly 

different from the presaline time-0 value. Saline infusion from time-0 

to 5 min, and again from 45 to 50 min, resulted in a transient but 

insignificant decrease in the MAP by the end of the 5-min infusion. 

After the small decrease in pressures, the MAP was then observed to 

return to presaline values. In contrast to its effect on arterial 

pressures, infused saline was observed to increase inferior vena cava 

venous pressure significantly (Fig. 4 ) . Venous pressure in Figure 4 was 

increased significantly for 15 min after the first infusion of saline at 

time-0. The second infusion of saline increased the venous pressure 

further to levels that remained significantly higher for the duration of 

the experiment. 

Lymph flow from the left thoracic duct increased in rate signifi

cantly after the first saline-infusion. Figure 5 demonstrates an 

increase from a presaline baseline value of 0.40 ml/min at time-0 to 1.5 

ml/min by the termination of the saline infusion (5 min). Lymph flow 

reached a steady-state flow from 5 to 15 min and remained significantly 

increased for the 5, 15, and 30 min sample periods. After the second 
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infusion of saline (45-50 min), the flow demonstrated further increases 

to a peak flow rate of 2.2 ml/min at 60 min (15 min after the start of 

the second saline infusion). Lymph flow rate after the second infusion 

remained significantly elevated to steady-state levels for 30 min. 

Although venous pressure (Fig. 4) peaked by the end of each saline 

infusion, the lymph flow did not peak until 10 min following the 

termination of each saline infusion. The 10 min lag in peak lymph flow 

following peak venous pressures is physiologically to be expected due to 

the capcity of the interstitium. 

Infused saline had no significant effect on the lymph/plasma 

protein ratio (L/P) after either infusion period. Infusion of saline 

did not result in the expected decrease in L/P ratio because there was 

a simultaneous decrease in the protein concentration of both plasma and 

lymph as seen in Table 4. Compared to baseline time-0 values, both 

plasma and lymph protein concentrations were decreased significantly 

after each saline infusion. Therefore, the absence of any significant 

decrease in L/P was due to an artificial dilution of the plasma protein 

with the saline infusion. 

The clearance of total protein after each infusion of saline was 

calculated (eq. 2) and is illustrated in Figure 6. Each 5-min infusion 

of saline resulted in moderate but significant increases in the 

clearance of protein across the capillary endothelium into the lymph. 

The second infusion of saline (45-50 min) resulted in clearance values 

greater than those following the first infusion. 

The amount of protein passing per unit time into the lymph was 

calculated (eq 3 ) . The total protein flux (in units of mg/min) after 
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TABLE 4 

Plasma and Lymph Total Protein Concentration in 
Saline-Infused Animals 

PLASMA LYMPH 
TIME PROTEIN PROTEIN 

gm/dl gm/dl 

Time-0 5.9 ± 0.3 4.0 ± 0.2 

Saline Infusion:::::::::::::::::::::::::::::::::::::::::::::::: 

5 Minutes 4.6 ± 0.3 * 3.1 ± 0.3 

15 Minutes 4.4 ± 0.3 * 3.0 ± 0.2 * 

30 Minutes 4.8 ± 0.3 * 2.7 ± 0.3 * 

45 Minutes 
Saline Infusion::::::::::::::::::::::::::::: • ••••••••••••• 

50 Minutes 3.9 ± 0.3 * 2.6 ± 0.3 * 

60 Minutes 3.9 ± 0.2 * 2.2 ± 0.2 * 

75 Minutes 4.4 ± 0.2 * 2.1 ± 0.3 * 

90 Minutes 4.2 ± 0.2 * 2.4 ± 0.3 * 

Protein concentration is presented as grams/deciliter (gm/dl). All 
values represent means ± SEM. Asterisk (*) denotes significance 
(p < 0.05) as compared to the corresponding time-0 value. 
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infusion of saline is illustrated in Figure 7. The first infusion of 

saline (time-0 to 5 min) resulted in moderate increases in the flux of 

protein that remained significantly greater for the first 15 min. The 

second infusion yielded a similar pattern of increased protein flux. 

After the second infusion, the protein flux was significantly greater 

for the first 15 min. The amount of protein flux due to convective 

forces can be estimated from equation 9. In a non-pathological 

condition, 75% of transcapillary protein flux into the left thoracic 

duct was due to convective forces while 25% was due to diffusion. 

The permeability of the capillary beds drained by the left thoracic 

duct was estimated after each infusion of saline by calculating (eq. 9) 

the permeability-surface area product (PS) and is illustrated in Figure 

8. The first infusion of saline resulted in a transient significant 

increase in PS values for the first 15 min. By 30 min after initiation 

of the first infusion of saline, the PS had returned to a baseline 

level. The second infusion resulted in a significant increase in PS 

only at 5 min after its initiation (50 min). Subsequent PS values were 

lower and statistically similar to the baseline (time-0) value. 

Figure 9 represents the PS product for each protein MW fraction. 

For each MW fraction, the mean of the presaline PS was compared to the 

means after both infusions of saline. Fraction I (60,000 MW) demon

strated a significant increase in PS from 0.5 ml/min to 1.4 ml/min after 

infusion of saline. In addition, fractions II and IV (100,000 and 

900,000-1,000,000 MW, respectively) reflected a small but significant 

postsaline increase in PS. The PS for fraction III (400,000-500,000 MW) 

did not change significantly after infusion of saline. 
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The mean of the L/P ratios before and after saline infusions was 

calculated for each MW fraction as demonstrated in Figure 10. Fractions 

I, II, and III each demonstrated a small decrease in the L/P ratio after 

infusion of saline. The average postsaline infusion L/P ratio for 

fraction III was, however, significantly lower than the presaline 

infusion L/P. Fraction IV reflected a small but insignificant increase 

in L/P ratio after infusion of saline. 

Endotoxin Shock 

The mean arterial blood pressure (MAP) presented in Figure 11 

depicts the typical pattern of canine endotoxic shock (55, 59, 79). The 

MAP of the vehicle control (VC) remained statistically stable throughout 

the experimental period. Baseline values for both groups were 

statistically similar at -60 min and time-0. Administration of 

endotoxin at time-0 (group EX) resulted in a MAP response that can be 

divided into three separate phases. Immediately after the administra

tion of endotoxin, an initial hypotensive phase occurred and the MAP 

decreased to 80 mmHg within 2 min. A 30-min recovery phase followed 

during which a partial recovery of the MAP to 120 mmHg was seen. After 

this brief recovery, there occurred a gradual decrease in MAP extending 

from 60 min to the termination of the experiment at 180 min. All MAP 

values after injection of endotoxin (2-180 min) were significantly 

decreased in comparison to VC values. 

In contrast to arterial pressure, venous pressure (Table 5) was not 

altered significantly by the administration of endotoxin. There was a 

trend for the venous pressure to peak 10 minutes after injection of 
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TABLE 5 

Endotoxin Shock Venous Pressures (mmHg) 

TIME 

-60 Minutes 

Time-0 

2 Minutes 

10 Minutes 

30 Minutes 

60 Minutes 

120 Minutes 

180 Minutes 

VEHICLE 
CONTROL 
(N=6) 

8.2 

9.3 

9.3 

9.2 

8.5 

9.0 

8.0 

8.0 

+ 

+ 

± 

+ 

+ 

+ 

+ 

± 

1.0 

1.0 

1.2 

1.1 

1.1 

0.8 

1.2 

1.2 

ENDOTOXIN 
(N=6) 

7.7 ± 0.4 

7.7 ± 0.4 

10.3 ± 0.8 

9.0 ± 0.8 

8.3 ± 0.5 

7.8 ± 0.3 

7.7 ± 0.2 

8.2 ± 0.2 

Each value represents the mean ± SEM. Each group was statistically 
similar across time. 
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endotoxin; however, venous pressures for the VC and EX groups did not 

vary significantly across time. In addition, significant differences 

were not demonstrated between groups. 

Left thoracic duct lymph flow rate measured for the nonshock VC 

group ranged between 0.2 to 0.6 ml/min during the 4-h experiment (Figure 

12). Endotoxin administered at time-0 (group EX) resulted in a signifi

cant increase in lymph flow to 2.7 ml/min by 10 min. The lymph flow of 

EX animals decreased during the remainder of the experiment, but 

values remained significantly elevated in comparison to those of VC 

animals. 

Plasma and lymph total protein concentrations were measured in 

grams/deciliter (gm/dl) across time for both VC and EX groups and are 

presented in Table 6 as means ± SEM for each time period. Plasma and 

lymph protein concentrations did not vary statistically in the vehicle 

control group during the experiment. Endotoxemia resulted in a decrease 

in the plasma protein concentration, which became significantly lower by 

5 min and remained significantly lower for the remainder of the 

experiment. Lymph total protein concentration did not vary significant

ly, however, from the control value. 

The lymph/plasma total protein ratio for VC and EX groups is 

illustrated in Figure 13. The control L/P ratio remained between 0.6 to 

0.7 during the experiment and did not demonstrate a significant 

variation across time. Endotoxin administration at time-0 resulted in 

an immediate increase in L/P, which remained significantly elevated 

throughout the experiment (5-180 min). 

The total protein clearance was calculated (eq. 2) for the VC and 



56 



57 

3 -I 

c 
1 i .: 
l U 
I -
< 
OC 

o 

a. 
>-

1 -

I 
-eo -30 

D-

T T T " 
O5IO 30 

1 -
60 

1 ^ 
90 

—T" 
120 

TIME AFTER ENDOTOXIN (minutes) 

• VC 

• EX 

—T" 
150 180 



58 

TABLE 6 

Endotoxin Shock Total Protein Concentration 

GROUP 

Vehicle 
Control 
(N=6) 

Endotoxin 
(N=6) 

TIME 

-60 Min. 

Time-0 

5 Min. 

10 Min. 

30 Min. 

60 Min. 

120 Min. 

180 Min. 

-60 Min. 

Time-0 

5 Min. 

10 Min. 

30 Min. 

60 Min. 

120 Min. 

180 Min. 

PLASMA 
PROTEIN 
gm/dl 

6.0 

6.1 

6.4 

6.2 

6.4 

6.3 

6.8 

6.3 

6.0 

6.0 

5.1 

5.2 

4.8 

5.2 

4.9 

4.9 

± 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

± 

+ 

+ 

0.3 

0.3 

0.1 

0.1 

0.3 

0.2 

0.3 

0.2 

0.5 

0.4 

0.3 * 

0.4 * 

0.4 * 

0.3 * 

0.3 * 

0.3 * 

LYMPH 
PROTEIN 
gm/dl 

4.4 

4.2 

4.4 

4.2 

4.4 

4.5 

4.0 

4.1 

3.9 

3.9 

4.8 

4.8 

4.4 

4.6 

4.2 

4.1 

± 0.2 

± 0.1 

± 0.4 

± 0.2 

± 0.3 

± 0.2 

± 0.3 

± 0.4 

± 0.3 

± 0.3 

± 0.3 

± 0.3 

± 0.3 

± 0.3 

± 0.4 

± 0.3 

Each value represents the mean ± SEM. Asterisk (*) denotes 
significance (p < 0.05) as compared to the corresponding 
control sample. 
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EX groups. Results are illustrated in Figure 14. Endotoxin shock 

resulted in a rapid increase in the clearance of protein from a baseline 

value of 0.2 ml/min to 2.5 ml/min by 10 min. This increase represents a 

greater than tenfold increase in the clearance of protein during the 

first 10 min of shock. Clearance values for the EX group remained 

significantly elevated throughout the experiment (5-180 min). 

Total protein flux was calculated (eq. 3) at the indicated time 

periods for the VC and EX groups. These values are presented in Figure 

15. The flux of protein into the thoracic-duct lymph did not vary 

significantly in the VC group across time. Protein flux in the VC group 

was between 10 and 30 mg/min throughout the experiment. Protein flux 

during endotoxin shock increased in a manner similar to clearance. The 

administration of endotoxin at time-0 resulted in a tenfold increase in 

protein flux into the lymph by 10 min. Protein flux was significantly 

increased during the postendotoxin period (5-180 min) as compared to 

control values. It was estimated (eq. 9) that during the control state 

75% of the transcapillary protein flux into the left thoracic duct was 

due to convective forces while 25% was due to diffusive forces. After 

the administration of endotoxin, the amount of protein entering the left 

thoracic duct by convection was significantly increased (p<0.001) to 

94%. 

Microvascular permeability of the area drained by the left thoracic 

duct was estimated for total protein permeability (eq. 9) and is plotted 

for the indicated time periods in Figure 16. The PS product remained 

below 1.0 ml/min for the VC group during the experiment. Endotoxin 

administration produced a biphasic increase in the PS which peaked at 10 
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and 120 min. PS values for the EX group were significantly greater from 

5-180 min when compared to those of the VC group. 

The reflection coefficient (ad) was estimated (1-L/P) for total 

protein in the manner described previously (Chapter II). Values for the 

two groups are compared as L/P ratio to lymph flow in Figure 17. The 

saline control (SC) group was infused rapidly with saline to produce 

high lymph flows in a group of nonshocked animals (Fig. 1). The mean 

L/P for SC was determined to be 0.60 with a ad to 0.40. Endotoxin shock 

resulted in a significant decrease in ad to 0.11. 

Plasma and lymph samples were separated by gel electrophoresis into 

protein MW fractions. The permeabilities of four fractions of ascending 

MW were estimated as the PS products (eq. 9) and are presented in Figure 

18. The vehicle control PS measured for each of the four MW fractions 

was found to be less than 1.0 ml/min. Generally, the control PS 

demonstrated an inverse relationship when compared to MW. Endotoxemia 

resulted in a dramatic increase in the permeability for each fraction 

quantitated. Membrane sieving properties were evident but at a much 

higher level of permeability. Values of PS for each EX MW fraction were 

significantly greater than the corresponding PS value for VC. The 

percentage of the transcapillary protein exchange due to convective 

forces can be estimated from equation 9 for each MW fraction. The 

influence of convective transcapillary exchange in a non-pathological 

state (group VC) for MW fractions I, II, III, and IV was estimated to be 

77%, 70%, 64%, and 80% respectively. Endotoxemia resulted in a 

significant increase (93%) in convective forces moving fractions I-III 

into the lymph. The influence of convective forces upon fraction IV 
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(MW 900,000-1,000,000) during endotoxin shock (83%) was not signifi

cantly different from that of the control. 

The ad for each MW fraction was estimated and is plotted against MW 

in Figure 19. Reflection coefficients for the saline control (SC) group 

were porportional to an increase in MW. The administration of endotoxin 

resulted in significantly lower ads for each MW fraction studied. 

Endotoxemia lowered the ad of fractions I, II, and III to approximately 

0.10. The ad of the largest MW fraction (900,000-1,000,000) was not 

decreased to as great an extent (0.25). 

Methylprednisolone and Endotoxin 

Illustrations in this section compare data from four groups: 

vehicle control (VC); endotoxin untreated (EX); methylprednisolone drug 

control (MPC); and methylprednisolone preceeding endotoxin (MP&EX). 

Because of the previous discussion of the endotoxin and vehicle control 

results, the discussion of results in this section will center primarily 

on groups MPC and MP&EX. 

The MAP is plotted against time in Figure 20 for the four groups. 

The baseline values for all groups were not statistically different at 

-60 minutes and time-0. The two control groups (VC and MPC) did not 

vary significantly across time. Administration of endotoxin at time-0 

to group EX resulted in a significant hypotension from 2 min through 180 

min. Group MP&EX, receiving both drug and endotoxin, demonstrated an 

attenuation of the early hypotensive phase and did not differ 

significantly from the controls. In the 30- to 180-min period, however, 

MAP in the MP&EX group was significantly similar to the EX group. 
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The means ± SEM of venous pressures for the methylprednisolone drug 

control and the shock-pretreated group are presented for each time 

period in Table 7. Glucocorticoid given alone or before endotoxin did 

not result in a significant variation of venous pressure across time. 

In addition, values for each group are statistically similar to vehicle 

control values (Table 5) across time. Pretreatment with methylpred

nisolone did not prevent the peak in venous pressure at 10 min after the 

administration of endotoxin. 

Left thoracic duct lymph flow rates were measured and are presented 

for four groups in Figure 21. The two groups receiving only vehicle 

(VC) or methylprednisolone (group MPC) did not vary significantly during 

the test period. Administration of endotoxin at time-0 increased lymph 

flow significantly by 5 min and it continued to increase throughout the 

experiment. Pretreatment with methylprednisolone (MP&EX) did not 

attenuate significantly the increase observed with endotoxin alone, 

although a trend for lower lymph flows was noted. 

Total protein concentration was measured in grams/deciliter (gm/dl) 

in the plasma and lymph of the methylprednisolone drug control and the 

shock-pretreated groups. The means ± SEM of the concentrations at the 

aforementioned time periods are listed in Table 8. Administration of 

methylprednisolone alone resulted in plasma and lymph total protein 

values that were statistically similar when compared across time to the 

-60 min baseline value in each group. Glucocorticoid pretreatment prior 

to the administration of endotoxin did not prevent the significantly 

lower plasma protein concentrations that were observed with endotoxin 

alone (Table 6). 
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TABLE 7 

Effects of Methylprednisolone on 
Venous Pressure (mmHg) 

TIME 

-60 Min. 

Time-0 

2 Min. 

10 Min. 

30 Min. 

60 Min. 

120 Min. 

180 Min. 

METHYLP. 
CONTROL 
(N=6) 

8.8 ± 

8.7 ± 

9.0 ± 

9.2 ± 

9.7 ± 

9.5 ± 

8.2 ± 

9.2 ± 

0.9 

0.9 

1.0 

1.1 

0.8 

0.8 

0.7 

0.7 

METHYLP.& 
ENDOTOXIN 
(N=6) 

8.5 

9.0 

10.0 

9.0 

8.7 

8.7 

8.3 

8.0 

± 1.1 

± 0.8 

± 0.7 

± 0.7 

± 0.5 

± 0.5 

± 0.6 

± 0.3 

Values represent means ± SEM. Each group was statistically across 
time and statistically similar to the control group (Table 5). 
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TABLE 8 

Effects of Methylprednisolone on Total 
Protein Concentration 

GROUP 

Methylpred. 
Drug 

Control 
(N=6) 

Endotoxin & 
Methylpred. 

(N=6) 

TIME 

-60 Min. 

Time-0 

5 

10 

30 

60 

120 

180 

-60 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Time-0 

5 

10 

30 

60 

120 

180 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

PLASMA 
PROTEIN 
gm/dl 

5.5 

5.5 

5.2 

5.3 

5.2 

5.4 

5.5 

5.6 

5.9 

5.9 

5.8 

5.7 

5.4 

5.4 

4.0 

5.5 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

± 

+ 

+ 

+ 

+ 

0.5 

0.2 

0.4 

0.3 

0.3 

0.1 

0.2 

0.4 

0.3 

0.3 

0.3 

0.3 

0.1 

0.2 

0.3 

0.3 

• 

• 

• 

* 

LYMPH 
PROTEIN 
gm/dl 

3.7 ± 0.3 

3.8 ± 0.1 

3.8 ± 0.1 

3.6 ± 0.1 

3.4 ± 0.2 

3.4 ± 0.2 

3.2 ± 0.2 

2.9 ± 0.1 

4.3 ± 0.2 

3.7 ± 0.2 

5.0 ± 0.2 

4.4 ± 0.1 

4.8 ± 0.2 

4.5 ± 0.3 

4.0 ± 0.3 

4.5 ± 0.1 

Values represent means ± SEM. Asterisk (*) denotes significance 
(p < 0.05) as compared to the corresponding control sample for the 
MP&EX group and as compared to the -60 min value for the drug control 
group (Table 6, p.58). 
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Figure 22 depicts the total protein clearance (Figure 22a) and the 

total protein flux (Figure 22b) calculated with equations 2 and 3, 

respectively, for the glucocorticoid control (MPC) and the endotoxin 

shock pretreated group (MP&EX). The VC and MPC groups were 

statistically similar and did not change significantly across time. 

Endotoxemia (group EX) resulted in a significant increase in protein 

clearance (Figure 22a). Clearance values for the EX group remained 

significantly elevated throughout the experiment (5-180 min). 

Administering methylprednisolone before endotoxin attenuated 

significantly the increase in clearance observed with the EX group for 

the first 30 min after endotoxin was injected. Thereafter, clearance 

values for the MP&EX group remained statistically similar to those of 

the EX group. Although MP&EX clearance values tended to be lower, the 

clearance was significantly higher than the controls during the 

postendotoxin period (5-180 min). In a similar manner, administration 

of endotoxin alone at time-0 resulted in a significant increase in the 

total protein flux (Fiugre 22b) for the postendotoxin time period (5-180 

min). During the first 30 min after administration of endotoxin, the 

protein flux for the MP&EX group was significantly less than the flux 

in the EX group. During the remainder of the experiment, there was no 

significant difference between these two groups. Pretreatment with 

methylprednisolone did not alter the percentage of convective 

transcapillary total protein flux (93%) when compared with that from 

endotoxin alone. 

The lymph/plasma total protein ratio (L/P) for the two methylpred

nisolone groups is depicted in Figure 23. The VC and MPC groups were 
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statistically similar and did not change significantly with time. 

Once endotoxin was administered, a significant increase in L/P was 

observed in both groups that had received endotoxin (EX and MP&EX). 

This increase was immediate and sustained; however, glucocorticoid 

pretreatment (group MP&EX) attenuated significantly the increase in L/P 

seen in the endotoxin-untreated group for the first 30 min. 

Permeability-surface area products were calculated (eq. 9) for the 

total protein in both methylprednisolone-treated groups and are present

ed in Figure 24. The two groups that received only bolus injections of 

vehicle (group VC) and drug (group MPC) were statistically similar 

with time. In contrast to endotoxin alone (group EX) the PS values for 

the MP&EX group were statistically lower with time throughout the 3-h 

postendotoxin period. The PS for the MP&EX group was significantly 

similar with time when compared to VC. The MP&EX group animals 

demonstrated a increase in total protein PS at 30 min, but this increase 

was not significantly greater than the corresponding control value 

due to the large variation within groups. 

Data from the electrophoresis of plasma and lymph samples were 

considered separately by MW fraction. Data is presented for each 

fraction as the mean of values summed across time during the experimen

tal shock period at 1-h intervals. The PS for each MW is illustrated in 

Figure 25. The PS for the drug control group (MPC) was statistically 

similar for each MW fraction when compared with the corresponding 

control fraction. When methylprednisolone was given before endotoxin 

(MP&EX), all protein fractions demonstrated smaller increases in PS 

between 1.0 and 3.0 ml/min. The PS for all MP&EX group MW fractions, 
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although significantly attenuated from those of the EX group, were 

significantly greater than the corresponding control values. 

Pretreatment with methylprednisolone (MP&EX) did not prevent the 

increase in the percent of transcapillary convection of MW fractions 

I-IV into the lymph that was observed in the group administered 

endotoxin alone. The percentage of convection influencing the 

transcapillary exchange of group MP&EX MW fractions I and II, was 86% 

and 89% respectively. This is a significant attenuation for these two 

smaller MW fractions from the percentage of convection demonstrated with 

endotoxin alone. 

Reflection coefficients (ad) for each MW fraction are illustrated 

in Figures 26 and 27. The ad of each MW fraction was estimated (1-L/P) 

from plots described in Methods. The control (SC) ad for a protein of 

60,000 MW was estimated to be as low as 0.36. Greater MW fractions 

demonstrated higher ads (0.49-0.52) in control animals. Compared with 

the endotoxin-untreated group, endotoxin-shock animals pretreated with 

methylprednisolone demonstrated significantly attenuated ads for 

fractions I and II; however, at MWs greater than 100,000 (fractions III 

and IV), ads were not significantly different from those of the group 

that received only endotoxin. In Figure 27, ads estimated in Figure 26 

are plotted against MWs corresponding to the four electrophoretic 

fractions. Figure 27 illustrates that although protection was not com

plete, methylprednisolone pretreatment attenuated significantly the fall 

in ad caused by endotoxin for protein fractions as great as 100,000 MW. 
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Ibuprofen and Endotoxin 

The effects of ibuprofen administered alone or before endotoxin, 

per the protocol described previously, were examined also. Discussion 

in this section centers primarily on the ibuprofen drug control (IC) 

as well as the ibuprofen-pretreated shock (I&EX) groups and compares 

results from these two groups with those from the vehicle control (VC) 

and the endotoxin-untreated group (EX). 

Figure 28 compares the MAPs from animals pretreated with ibuprofen 

to those from an untreated shock group. All four groups compared at -60 

min and time-0 were not significantly different. Administration of 

ibuprofen alone (group IC) tended to increase MAP during the experiment, 

but MAPs for the IC group were not significantly greater than those for 

the VC group across time. The MAPs of the drug control group (IC) were 

not statistically different from those of the VC group throughout the 

experiment. Ibuprofen pretreatment (group I&EX) attenuated 

significantly the fall in MAP observed in the EX group for 5-30 min and 

for 60-180 min. Values for the I&EX group were not significantly 

different from those for groups VC and IC throughout the experiment. 

Venous pressures are listed in Table 9 as means ± SEM of the pres

sures recorded at the indicated time periods. Treatment with ibuprofen 

alone as opposed to vehicle did not effect significant variations in 

venous pressure across time. Administration of ibuprofen before endo

toxin did not produce significant differences in the venous pressures 

across time, as compared to those from the VC and the EX groups. The 

small peak in venous pressure observed at 10 min in the EX group (Table 

5) was absent, however, when ibuprofen was given before endotoxin. 
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TABLE 9 

Effects of Ibuprofen on 
Venous Pressure (mmHg) 

IBUPROFEN ENDOTOXIN & 
TIME CONTROL IBUPROFEN 

(N=6) (N=6) 

-60 Min. 9.0 ± 1.3 7.7 ± 0.9 

Time-0 9.0 ± 1.3 8.0 ± 0.9 

2 Min. 9.3 ± 1.1 8.0 ± 0.9 

10 Min. 9.0 ± 1.2 7.8 ± 1.0 

30 Min. 8.7 ± 1.1 8.2 ± 0.9 

60 Min. 8.5 ± 1.0 8.2 ± 0.9 

120 Min. 9.3 ± 1.0 8.5 ± 1.0 

180 Min. 9.0 = 1.1 8.5 ± 1.2 

Values represent means ± SEM. Each group was statistically similar 
across time and statistically similar to the control group (Table 5). 
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Lymph flow rates in the left thoracic duct before and after treat

ment with ibuprofen are illustrated in Figure 29. Lymph flows in the 

control groups receiving only vehicle (VC) and ibuprofen (group IC) were 

generally consistent in the range of 0.3-0.6 ml/min during the 4-h 

experiment. Endotoxin alone significantly increased the lymph flow by 

5 min and sustained this increase during the experiment. Although 

administration of ibuprofen before endotoxin (I&EX) attenuated the 

increase in lymph flow significantly across time compared with that seen 

in the EX group, lymph flow in the I&EX group was significantly greater 

than values for groups VC and IC during the 5- to 180-min period. 

The clearance of protein and amounts of protein passing into the 

left thoracic duct are illustrated in Figure 30. The volume of plasma 

cleared of protein per unit time was determined (Figure 30a) and con

trasted with the amount of protein extravasation into the lymph, which 

was calculated as total protein flux (Fig. 30b). Protein clearance 

(Fig. 30a) for the VC and IC groups did not vary significantly through

out the experiment. When ibuprofen was given before endotoxin (group 

I&EX), increases in protein clearance were attenuated and did not 

demonstrate statistical variation from the control values across time. 

As it had with clearance, pretreatment with ibuprofen (group I&EX) 

prevented significant increases in protein flux (Fig. 30b) during the 

3-h postendotoxin period. Pretreatment of endotoxin-shocked animals 

with ibuprofen resulted in a significant increase, in the percentage of 

the total protein flux across the capillary wall due to convective 

forces, from a control value of 75% to a postendotoxin value of 88°;. 

This value for total protein convection was, however, significantly 
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attenuated from the increase in convection demonstrated in animals 

receiving endotoxin alone (94%). 

The total protein concentration in plasma and lymph was determined 

for the IC and I&EX groups and reported in grams/deciliter (gm/dl). The 

means ± SEM of data taken at the indicated time periods are listed in 

Table 10. Ibuprofen injections alone did not cause plasma and lymph 

protein concentrations to vary significantly from those of the VC group. 

Pretreatment with ibuprofen (group I&EX) attenuated the early decrease 

in plasma protein observed with endotoxin alone; however, plasma protein 

values from 60 to 180 min fell to significantly lower values. The lymph 

protein concentrations for the latter group did not vary significantly 

across time from those of the VC group. 

Plasma total protein was compared to lymph total protein and is 

presented as the L/P ratio in Figure 31. The vehicle and drug control 

groups (VC and IC) were statistically similar and did not change signif

icantly across time. Pretreatment with ibuprofen (group I&EX) prevented 

the significant L/P increases that were observed in the EX group. The 

drug pretreated (I&EX) group was statistically similar to groups VC and 

IC for the complete 4-h experiment. 

The permeability-surface area product (PS) was calculated for total 

protein at different times before and during the experiment. These 

values are presented in Figure 32. The PS values for the two control 

(VC and IC) groups remained consistently less than 2.0 ml/min and were 

statistically similar for the 4-h experiment. The PS values for the 

I&EX group were statistically similar to those of the two control (VC 

and IC) groups throughout the experiment. 
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TABLE 10 

Effects of Ibuprofen on 
Total Protein Concentration 

GROUP 

Ibuprofen 
Drug 

Control 
(N=6) 

Ibuprofen & 
Endotoxin 

(N=6) 

TIME 

-60 Min. 

Time-0 

5 

10 

30 

60 

120 

180 

-60 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Time-0 

5 

10 

30 

60 

120 

180 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

PLASMA 
PROTEIN 
gm/dl 

6.5 

6.2 

5.9 

6.4 

6.1 

6.4 

6.3 

6.6 

5.8 

5.9 

5.3 

5.3 

5.8 

5.0 

5.6 

5.6 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.3 

0.5 

0.4 

0.3 

0.5 

0.5 

0.4 

0.3 

0.2 

0.4 

0.2 

0.4 

0.6 

0.4 * 

0.5 * 

0.2 * 

LYMPH 
PROTEIN 
gm/dl 

4.4 

4.3 

4.2 

4.2 

4.9 

4.5 

4.7 

4.0 

3.8 

3.9 

4.0 

3.9 

3.9 

3.8 

4.3 

3.6 

± 0.3 

± 0.4 

± 0.3 

± 0.4 

± 0.3 

± 0.2 

± 0.3 

± 0.2 

± 0.2 

± 0.1 

± 0.1 

± 0.2 

± 0.2 

± 0.3 

± 0.3 

± 0.2 

Values represent means ± SEM. Asterisk (*) denotes significance 
(p < 0.05) as compared to the corresponding control (Table 6) for 
each sample. 
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Reflection coefficients (ads) for total protein were estimated 

(1-L/P) from the mean steady-state L/P ratios obtained at high lymph 

flows and are presented in Figure 33. In all groups, lymph flows are 

plotted against corresponding L/P ratios. Pretreatment with ibuprofen 

(I&EX) resulted in a ad of 0.26, which represented a significant (40%) 

attenuation of the decrease in ad (0.11) seen in the untreated group 

given only endotoxin. The ad for I&EX was significantly lower, however, 

than the ad for the control group. 

Plasma protein from the two ibuprofen groups were separated into MW 

fractions by polyacrylamide gel electrophoresis. Four MW fractions were 

analyzed for the PS product and ad of each fraction. The PS for each MW 

fraction is illustrated in Figure 34 for four animal groups. Each data 

point represents a time-averaged mean ± SEM for all PS values of each 

fraction collected during the postendotoxin period. Administration of 

ibuprofen alone (group IC) resulted in PS values statistically similar 

to those of the VC group for each MW fraction studied. All fractions 

sampled from the EX group demonstrated significantly greater values than 

those in the other three groups. Pretreatment of shocked animals with 

ibuprofen attenuated the increase in PS for each MW fraction. Although 

the I&EX PS for fractions I-IV were significantly attenuated from those 

of the EX group, the PS values for all fractions were statistically 

greater than those for the control (VC and IC) groups. The ad for each 

MW fraction was estimated in a manner similar to that used to estimate 

total protein (see Figure 33, and p. 28-29, Methods). The ads were 

plotted against MWs corresponding to the four electrophoretic fractions 

and are illustrated in Figure 35. Pretreatment with the drug ibuprofen 
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(group I&EX) attenuated significantly the drop in ad observed with 

endotoxin alone for all four MW fractions; however, the greatest 

protection was demonstrated for the smallest (60,000) and the largest 

(900,000-1,000,000) MW fractions. Ibuprofen pretreatment (group I&EX) 

failed to attenuate the increase in the percent of convective 

transcapillary transport for MW fractions I-III as compared to the 

corresponding control values. However, convective transport percentages 

for group I&EX MW fractions I and III (85% and 90% respectively) were 

significantly lower than their corresponding values resulting from the 

administration of endotoxin alone. The porportion of convective 

transport for group I&EX MW fraction IV was statistically similar to the 

corresponding control value. 



CHAPTER IV 

DISCUSSION 

The etiology of septic as well as endotoxin shock results in a 

complex series of events that end in circulatory failure and death. It 

has been suggested that in the early stages of endotoxemia there occurs 

an immune reaction in which endotoxin interacts with an antibody in the 

presence of complement (86,99). In addition, a release of humoral 

agents such as histamine (98,99) and prostaglandins thromboxane-A^, PGE, 

and PGF^ (30, 40, 113) have been reported to occur in the early stages 

of sepsis and canine endotoxin shock. These humoral agents, in addition 

to activated complement, act in concert to release lysosomal enzymes 

from macrophages and tissues (45, 110). Local arteriolar and/or venular 

vasoconstriction result from histamine, prostaglandins, and the 

symphathetic reflex. Organ perfusion is reduced, resulting in stagnant 

flow and ischemia in the microcirculation (14, 67). 

All of the aforementioned factors have been suggested to cause 

increased microvascular permeability in different organs (20, 51, 82), 

extravasation of macromolecules (24), and a resulting loss of plasma (9, 

26, 27, 36, 62). We have illustrated in a previous study (63) that when 

endotoxin is administered in an acute canine shock model, the plasma 

volume decreases significantly over a three-hour period. Plasma loss 

was confirmed by the data presented in Figure 36. Using Chromium-51-

tagged red blood cells, a significant decrease in plasma volume was 
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demonstrated after administration of endotoxin at time-0. Plasma loss 

was reflected further as a significant increase in the RBC volume. 

Theoretically, an increase in plasma loss across capillary membranes 

should be returned by the lymphatics to the circulation and blood volume 

should remain stable. The interstitium, however, will trap a large 

amount of fluid. It is known that interstitial fluid volume can 

increase 30% before edema occurs (54). When solvent flux across the 

capillary into the interstitium is significantly increased, however, 

interstitial fluid volume can exceed the 30% "safety" level, edema 

ensues, and less volume and protein is returned to the circulation. 

Loss of plasma results in further reflex symphathetico-adrenal 

stimulation, thereby completing the cascade of events that lead to 

circulatory failure (26). 

On the basis of the long-standing assumption that the composition 

of lymph resembles closely the composition of interstitial fluid (94, 

95), the study of lymph has provided a useful tool for evaluating 

capillary permeability to macromolecules. In the present study, the 

left thoracic duct received lymph primarily from the liver and intes

tine, with little being derived from the skeletal muscles because the 

animals were immobile and under anesthesia (4). Characterization of 

capillary permeability in the abdominal organs is important because it 

has been well established that endotoxin shock causes extensive ischemia 

and lesions in these systems, and that a major percentage of plasma loss 

during shock occurs in the abdominal organs (14, 67, 73). Analysis of 

left thoracic duct lymph provides a means of estimating capillary 

permeability of the hepatic and gastrointestinal microcirculation. 
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Microvascular Hypertension Protein Extravasation 

Solvent flow across the capillary into the interstitium and, thus, 

lymph flows are related to both hydrostatic and osmotic forces acting 

across the membrane rather than simply hydrostatic (Poiseuille's 

equation) or diffusional forces (Fick's law of diffusion) alone. An 

increase in lymph flow can be assumed, therefore, to be the result of 

increased microvascular pressure, an increase in capillary permeability, 

or a combination of both. Because of this assumption, it seemed 

necessary to examine microvascular permeability parameters in an 

experimental model in which only the hydrostatic forces were increased. 

This was accomplished by volume-loading a group of animals with a rapid 

saline-IV infusion of 3% by volume of the animal's body weight to 

increase capillary hydrostatic pressure. 

In a similar experimental protocol reported by Brace et al. (16), 

dogs were infused with four successive intravascular saline infusions of 

2% of body weight. Lymph flow was measured from the left thoracic duct. 

The study produced three general observations: 1) after each infusion, 

venous pressure increased causing lymph flow to increase, reach a peak, 

and then decrease by approximately 40% from the peak flow value; 2) 

maximum lymph flow was observed 5-7 min after the termination of each 

infusion; 3) the L/P ratio fell with each infusion. Brace et al. 

reported small but apparently insignificant increases in MAP following 

each saline infusion. In the present study, saline infusion failed to 

produce increases in MAP; however, saline loading did increase venous 

pressure significantly with each infusion (Figure 4 ) . The slight 

decrease in MAP was accompanied by a significant decrease in heart rate 
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of 10% with 5 min following each saline infusion. Perhaps these results 

can best be explained in terms of autonomic reflex. A sudden increase 

in blood volume is thought to trigger volume receptors (stretch 

receptors) in the right and left atria. An autonomic reflex results in 

which there is a reflex reduction of sympathetic stimulation (54). This 

reduction of sympathetic tone would result in two responses of 

importance to this discussion. First, a reduction of sympathetic tone 

would result in a reduction of heart rate. Second, peripherial 

arterioles are dialated, thus lowering peripherial resistance (54). 

These two factors could prevent an increase in arterial pressure with 

acute volume loading. An increase in lymph flow (Figure 5) accompanied 

the increase in venous pressure after each saline infusion. Even though 

the pressure on the arterial side did not increase, an increase in 

venous pressure would cause blood pooling and increase venuole 

pressures. If hydrostatic pressure on the venule end of capillaries 

increased while the pressure on the arteriole end remained in a normal 

range, the Starling equilibrium would be disrupted to favor a net 

outward flux of fluid into the interstitium. Lymph flow reached a peak 

5 min after the peak in venous pressure. These results suggest that the 

increased venous pressure caused by saline loading, resulted in 

increased mean capillary hydrostatic pressure in the hepatosplanchnic 

microvasculature, which drove more fluid into the interstitium, thus 

causing an increase in lymph flow. 

Brace et al. (16) reported a significant decrease in the L/P ratio 

after each saline treatment and attributed the decrease to a greater 

decrease in lymph protein concentration as compared to plasma protein 
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concentration. In the present study, the L/P tended to decrease after 

each saline infusion, but these decreases were not significant. It can 

be seen in Table 4 that both the plasma and the lymph protein 

concentrations decreased significantly after saline infusion. This 

decrease in concentration in both compartments is most likely caused by 

simple volume dilution; however, the lymph protein concentration after 

saline infusion falls an average of 35% in comparison to a 30% average 

decrease in plasma protein concentration. Plasma dilution by saline 

loading and the resulting decrease in plasma protein concentration may 

not be a true representation of what is occuring at the capillary level. 

The results depicting a fall in plasma protein concentration are an 

artifact of the procedure used in this study when applied to measuring 

the L/P ratio in the saline control group. It is most likely that if 

capillary protein concentration were calculated, then a decrease in the 

L/P ratio would be observed. In a previous study. Granger et al. (47) 

reported an increase in hepatic lymph flow caused by acute hepatic vein 

hypertension produced an increase in the L/P for total proteins rather 

than a decrease as seen in other tissues (50, 52). These investigators 

suggest that this phenomenon is due to a stretching of the sinusoidal 

interstitial matrix, which is the limiting barrier to solute 

extravasation in the liver. Left thoracic duct lymph receives a major 

complement from hepatic lymph. In the present study therefore, a 

protein-rich hepatic lymph resulting from increased hepatic sinusoidal 

pressures could have also attenuated decreases in L/P ratio, and cause 

small increases in protein clearance, flux, and permeability-surface 

area product. 
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Increasing capillary hydrostatic pressures by rapid saline infusion 

appeared to effect a small increase in the permeability of the vascula

ture drained by the left thoracic duct. This increase is evidenced by 

the significant, transient increases in the total protein clearance 

(Fig. 6 ) , protein flux (Fig. 7), and the PS product (Figs. 8 and 9). 

Investigators have reported increases in lymph flow and protein flux as 

a result of elevated venous pressures (52). Renkin et al. (93) observed 

an increase in the PS of subcutaneous capillaries at increased venous 

pressures; however, the physiological basis behind an increased protein 

extravasation, resulting from an increase in hydrostatic pressure, may 

not be as simple as an increase in permeability alone. The PS product 

must take into consideration both solute flux and surface area. It is 

possible that most of the increase in PS observed after saline infusion 

results from an increase in surface area caused by an increased 

circulatory volume and some recruitment of capillaries. 

Untreated Endotoxic Shock 

Increased capillary hydrostatic pressures and the resulting 

increase in lymph flow was effected by rapid saline loading. By 

comparison, endotoxin shock has also been reported to result in 

increases in abdominal microvascular pressures (4) but with an 

accompanying increase in microvascular permeability (20,24,51). The 

most common hallmark of endotoxin shock in the canine model is the rapid 

fall in MAP (Figure 11) and circulatory failure. This early hypotensive 

phase has been reported to be caused, in part, by a decrease in venous 

return (26, 27, 44, 72) resulting from a transient sharp rise in portal 
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venous pressure. Increased portal pressures are accompanied by an 

increase in the wedged hepatic venous pressure but not the larger venous 

pressure, indicating increased hepatic capillary pressures (26). The 

later hypotensive phase has been suggested to be caused, in part, by an 

increase in microvascular permeability and a resulting loss in plasma 

volume (20, 28, 82). Although endotoxin shock effected significant 

changes in arterial pressure, inferior vena cava venous pressure was 

maintained throughout the experiment (Table 5). A transient sharp rise 

in inferior vena cava venous pressure was observed immediately after the 

administration of endotoxin and has been reported previously by others. 

Chien et al. (26) attributed this transient increase in abdominal 

inferior vena caval pressure to a simultaneous increase in intra

abdominal pressure caused by the pooling of blood and fluid in the 

abdominal viscerae (i.e., liver and intestine) as well as by changes in 

respiratory movements. 

Endotoxin caused an early increase in the thoracic duct lymph flow 

as seen in Figure 12 and as reported by others (4, 12, 26, 55). Endo

toxin-shock studies of the hepatic system have demonstrated an early 

increase in hepatic lymph flow after administration of endotoxin. This 

increase paralleled a 30-min to 1-h elevation in portal venous pressure 

(4). Gastrointestinal lymph flow has been reported to increase 

gradually during endotoxin shock, maintaining a sustained increase in 

lymph flow rate that is, for the most part, unaffected by increases in 

portal venous pressure (4, 10). The increased lymph flow after 

administration of endotoxin in this study is a combination of increased 

flows from both anatomical areas. The lymph flow rate during endotoxin 



130 

shock rose as high as 2.6 ml/min. This peak lymph flow occurred in the 

same time period as the reported increase in portal pressure. 

Comparably, rapid saline infusion also resulted in high lymph flows 

which peaked at 2.2 ml/min. 

Analysis of the combined lymph from the left thoracic duct 

indicated increases in the L/P ratio, protein clearance, protein flux, 

and PS in the shocked animals (Figures 13-16). These results confirm 

earlier reports of increased vascular permeability during endotoxin 

shock (20, 26, 28). In contrast to the insignificant decrease in L/P 

ratio resulting from a saline infusion-induced increase in capillary 

pressure, the L/P ratio (Figure 13) demonstrated an increase after the 

administration of endotoxin at time-0. Lymph protein concentrations 

(Table 6) maintained consistent values throughout the experiment despite 

a fivefold increase in lymph flow; however, the plasma total protein 

concentrations decreased significantly after endotoxin as they had after 

saline infusion. Thus, the increase in L/P ratio in the shock group was 

caused partially by a decreased plasma protein concentration and a 

stable lymph protein concentration. The loss of plasma protein during 

endotoxemia as seen in this study is not an unique observation and has 

been reported previously by others. Chien et al. and Demling et al. 

(25, 33) attribute the decrease in plasma protein concentration during 

endotoxemia to the replacement of the protein-rich fluid (lost from the 

splanchnic circulation into the lymph) by the influx of a protein-poor 

fluid from the renal circulation. The protein-rich fluid lost from the 

splenic circulation across capillary walls is not entirely returned by 

the lymphatics to the circulation since protein concentration as well as 
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blood volume decrease. The suspected increase in capillary permeability 

during endotoxemia would result in a "flooding" of the interstitial 

spaces with fluid and protein from solvent drag. The lymphatics are 

able only to function efficiently only up to an increase in interstitial 

volume of 30%. After these limitations are exceeded, fluid and proteins 

become trapped in the interstitium and edema ensues. 

Administration of endotoxin resulted in a substantial increase in 

the extravasation of protein into the lymph. The clearance and flux of 

total protein into the lymph (Figures 14 and 15) demonstrated a greater 

than tenfold increase after endotoxin. This was a substantially greater 

increase in protein extravasation than the fourfold increase in clear

ance (Figure 6) and the 2.5-fold increase in flux (Figure 7) result

ing from saline infusion alone. An increase in the microvascular 

permeability of the tissue drained by the left thoracic duct in endo

toxin shock is substantiated further by a dramatic increase in the PS 

for total protein (Figure 16), a decrease in the ad for total protein 

(Figure 17), and an increase in the percent of convection involved in 

transcapillary exchange. The greatest PS values occurred in the first 

30 min of the postendotoxin period. It is important to remember that 

the PS value represents a product of vascular permeability and active 

vascular surface area. A change in either factor would result in an 

increase in PS. The first peak in PS for the shock group is concurrent 

with a transient 30-min to 1-h increase in venous portal pressure. This 

increase in portal pressure causes an increase in hepatic and gastro

intestinal microvascular pressure and pooling (4, 10, 26). An increase 

in the surface area available for extravasation of fluid and protein 



132 

into the lymph in combination with an increase in permeability could 

result in larger PS values. For the remainder of the experimental 

period (60-180 min) the venous portal pressures have been reported to 

return to normal values (4, 10); therefore, the smaller elevation in PS 

during this period are caused most likely by an increase in perme

ability. The ad for total protein (Figure 17) substantiates further the 

possibility of an endotoxin-induced increase in permeability. A control 

ad of 0.40 estimated with thoracic duct lymph is lower than ads reported 

for the gastrointestinal capillaries (65, 116). Left thoracic duct 

lymph receives a major contribution, however, from hepatic tissues and 

sinusoids, which are known to have a high permeability (35, 74). The 

administration of endotoxin decreased the ad for total protein from 

0.40 to 0.11. As the ad for a solute approaches zero, vascular 

membranes become more permeable to the solute measured. By theory, a ad 

of zero would indicate that a membrane is freely permeable to the solute 

measured. By this definition, endotoxin shock would result in a situ

ation in which total protein is almost freely permeable in the abdominal 

microvasculature. This suggestion is supported by the observation that 

the percentage of convective forces responsible for total protein 

transcapillary flux into the left thoracic duct increased from 75/. in 

the control state to 94% in endotoxemia. 

When the PS and ad were calculated for protein fractions of as

cending MW, the results demonstrated that endotoxin caused an increased 

microvascular permeability to molecules of low as well as high MW. Many 

of the pathological conditions occurring during endotoxin shock have 

been shown to alter the permeability and/or the protein flux across 
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capillaries. It has been reported that histamine is released by mast 

cells in the early stages of endotoxin shock (98, 99). Injections of 

histamine have been shown to increase lymph flow, increase the L/P for 

macromolecules, and significantly reduce the ad of intestinal capil

laries from 0.92 to 0.56 (23, 52, 78). The changes in permeability 

produced by histamine were attributed to an alteration of the pathway 

for large-molecule transport (92), partial removal of the fenestral 

diaphragms of the small-pore system, occasional detachment of the 

endothelium from the basement membrane, and focal separation of the 

intercellular junctions (29). Global ischemia of the liver and bowel 

has been shown to be evident within the first hour after the initiation 

of endotoxin shock (14, 67, 73). It has been demonstrated that after 

1 h of intestinal ischemia, the ad of intestinal capillaries was reduced 

by 40% (50), but this decrease in ad was attenuated significantly with 

superoxide dismutase pretreatment (51). Ischemia appears to influence 

selectively the large-pore system through the release of superoxide 

radicals (50). It is possible that through the previously mentioned 

mechanisms, administration of endotoxin in the present study increased 

the PS measured for albumin (60,000 MW) more than one hundred fold, and 

increased the PS of higher MW fractions more than twenty fold (Figure 

18). Reflection coefficients in the control group for each MW fraction 

(Figure 19) are lower than the 0.72-0.92 ad reported for total protein 

in intestinal capillaries (107, 116); however, the present ad data 

reflect the contribution of lymph from the liver, which has a less 

selective blood-lymph barrier. Endotoxemia reduced the ad of fractions 

I-III 67%. The ad for fraction IV was not reduced to as great an extent 
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(50%), possibly because of its size (900,000-1,000,000 MW), or because 

the porportion of convective transcapillary exchange for fraction IV 

only increased to 85% instead of 93% as demonstrated by the smaller MW 

fractions. These results concur with those of Granger et al. (51) who 

reported a significant reduction in the ad of intestinal capillaries 

after the administration of E. coli endotoxin. 

Methylprednisolone Pretreatment of 
Endotoxin Shock 

One purpose of this study was to explore the degree of protection, 

if any, that glucocorticoids could afford microvascular membranes during 

gram-negative endotoxin shock. Although the membrane stabilization 

properties of methylprednisolone were of primary concern in this study, 

other pharmacodynamic actions were at work as evidenced in the MAP 

results (Figure 20). Pretreatment with methylprednisolone inhibited 

significantly the initial hypotensive phase observed with endotoxin 

shock. Steroid therapy has been reported to increase regional blood 

flows (58, 60, 79, 108), decrease pulmonary congestion (42), increase 

cardiac output (96), produce a positive inotropic effect on the heart 

(89), and oppose the vascular effects of histamine (98). Any or all of 

these pharmacodynamic effects of corticosteroids could delay the 

hypotensive effects endotoxin is known to produce. 

Methylprednisolone given alone or before endotoxin did not effect 

any change in the venous pressures (Table 7) when compared with those of 

the vehicle control (Table 5). Administration of drug before endotoxin 

did not prevent the appearance of a sharp rise in venous pressure at 2 
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min. This suggests that methylprednisolone could not prevent the portal 

hypertension and/or abdominal pooling. However, the initial hypotensive 

phase was attenuated by methylprednisolone pretreatment (Fig. 20). 

Previously in the discussion, the initial phase has been reported to be 

due, in part, from the increase in portal venous pressure and the 

resulting decrease in venous return. Possibly, the role steriods play 

in attenuating increases in pulmonary resistance (42) and cardiac 

performance (89,96) offset, somewhat, the fall in venous return to 

maintain arterial pressure within normal limits by increasing the output 

to balance the fall in venous return. 

Pretreatment with methylprednisolone did not prevent the signif

icant loss of plasma protein observed in endotoxemia alone. These 

results suggest that methylprednisolone in this study could not 

attenuate the fluid shifts that are known to occur between the splanic 

and renal compartments (25, 33) with the circulation in canine endotoxic 

shock. 

Results from the current study indicated increases in the L/P 

ratio, protein clearance, flux, and PS in shocked animals (Figures 

13-16). These results confirm earlier reports of increased vascular 

permeability during endotoxic shock (20, 24, 28). Pretreatment with 

methylprednisolone resulted in a significant attenuation of the early 

increases in L/P, protein clearance, and protein flux for the first 30 

min of the shock process (Figures 22 and 23). After 30 min, methyl

prednisolone pretreatment did not result in significant attenuation. A 

subsequent decrease in L/P, clearance, and flux for the group given 

endotoxin alone appears to be responsible for the loss of a significant 
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attenuation in the MP&EX group after 30 min. The lower lymph flow 

observed in the later stages (Figure 21) could be an indication of a 

decrease in the driving force behind the convective movement of protein 

across the capillary endothelium. Nonetheless, permeability may still 

be increased. This possibility was examined using equation 9 which 

considers the protein concentration difference across the capillary wall 

and lymph flow rate simultaneously, and corrects for a ad of less than 

1. On the basis of this equation, the total protein permeability was 

found to be significantly lower throughout the experimental period for 

animals that received methylprednisolone pretreatment than for animals 

that received endotoxin alone (Figure 24). The significantly lower PS 

for total protein with methylprednisolone pretreatment may seem 

contradictory to the ad data derived from each electrophoretic fraction. 

Reflection coefficient data (Figures 26 and 27) demonstrated partial 

protection only for proteins with a MW of 100,000 or less. It is 

important to note, however, that albumin (fraction I), with a MW of 

60,000, comprises 60% by concentration of lymph and plasma proteins. 

Because of this, any change in the ad of this low MW protein would 

affect the total protein results greatly. 

Protein separation into MW fractions by gel electrophoresis provid

ed a method of analyzing individual fractions of varying MW. This 

permitted a study of the membrane permeability to molecules of small and 

large MW proteins under the influence of methylprednisolone treatment. 

In this manner it was possible to study the effects of endotoxin-induced 

permeability changes in light of Grotte and Mayerson's (53, 74) two-pore 

theory of capillary permeability. Since their suggestion of a system of 
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pores that regulate and determine capillary permeability, further 

studies have refined the theory. Ultrastructural studies have suggested 

that the small-pore system comprises fenestrae with diaphragms, whereas 

the large-pore system comprises fenestrae without diaphragms. In gen

eral, the small pore system has been reported to consist generally of 
o 

110 A radius pores that make up 78% of the total body capillary pore 
o 

area. Large pores, 140 A in radius, account for the remaining 22% (8). 

On the basis of differing pore sizes and large-to-small pore ratios, 

however, Mayerson et al. (74) have suggested there are regional dif

ferences in capillary permeability among organ systems. The ultrastruc-

ture of the intestinal capillaries has been described as a two-pore 

membrane system, 80% of which consists of small pores with a radius of 
o o 

50 A. The remaining 20% comprise large pores with a 200 A radius 

resulting in a reported large-to-small pore ratio of 1:1280 in the 

intestine (46, 48). In contrast, hepatic capillary permeability has 

been reported to be greater, with L/P ratios of 0.80-0.95 in the dog 

(35, 68). A two-pore system is reported to exist also in liver sinu-
o 

soids consisting of small pores (30- to 90 A radii) and large pores 
o 

(250- to 300 A radii). In addition, the ratio of large-to-small pores 
has been reported to be 1:46 in the liver (35, 47, 53). 

The data in Figure 25 demonstrate that after administration of 

endotoxin, permeability is increased for proteins regardless of MW. It 

appears that the level of increased permeability is inversely propor

tional to MW, indicating that microvascular membranes still retain some 

selectivity to solute passage. Although the PS data suggest that pre

treatment with methylprednisolone attenuated the permeability increases 
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for all MW fractions, ad data (Figures 26 and 27) demonstrated 

methylprednisolone protection only at MWs of 100,000 or less. These 

data are supported by the observation that methylprednisolone 

pretreatment significantly attenuated the porportional increase in the 

amount of convective transcapilary exchange following endotoxin for only 

MW fractions I and II. Fraction I (60,000 MW) and fraction II (100,000 

MW) have an equivalent Stokes- Einstein radius of 35.8 and 38.5 A 

respectively (39). The vascular extravasation of these two MW fractions 

would be primarily through the small-pore population. The larger 

fraction III (400,000-500,000 MW) has an estimated molecular radius of 
o 

56.0 A (21). The passage of fraction-Ill proteins into the lymph could 

be through either pore population depending upon the tissue site of 

extravasation (i.e., hepatic or intestinal). The largest fraction 

studied (900,000-1,000,000 MW) would have an equivalent Stokes-Einstein 
o 

radius of 121.0 A (39) and would need to cross the capillary through the 

large pore system. On the basis of the present data, methylprednisolone 

appears primarily to offer protection from endotoxin shock permeability 

changes to what is believed ultrastructurally to be the small-pore 
o 

system (50-90 A radii) because generally this system allows passage of 

molecules up to 250,000 MW (74). 

Ibuprofen Pretreatment of Endotoxin Shock 

This portion of the study was designed to explore the amount of 

protection that ibuprofen, a nonsteroidal anti-inflammatory drug, would 

offer microvascular membranes in endotoxemia. There are numerous posi

tive reports concerning the uses of ibuprofen. The dose of ibuprofen 
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used for the treatment of endotoxin or septic shock has varied from 

investigator to investigator. An ibuprofen dose of 3.75 mg/kg was 

chosen for this study on the basis of previous reports. Higgs et al. 

(56) reported that lower doses of ibuprofen do not increase the con

centration of metabolites from the lipooxygenase pathway. Other studies 

report optimal survival in animal septic shock models with pretreatment 

doses of 3.75 mg/kg ibuprofen (112). These survival studies reported 

that this dose offered optimum inhibition of platelet TxA^ formation 

while sparing vascular formation of PGI^. In addition, Lefer et al. 

(71) reported that doses of ibuprofen in this range protect against 

myocardial ischemia. 

In the present study, pretreatment with ibuprofen 1 h before and 

again just before administration of endotoxin prevented the decrease in 

MAP seen commonly in endotoxin shock models. Previously, investigators 

have demonstrated that ibuprofen given after an injection of endotoxin 

restores blood pressure to control levels (57, 64). Administration of 

ibuprofen by other investigators 10 min before administration of 

endotoxin failed to prevent the early hypotensive phase; however, after 

this initial phase, blood pressure returned to control values (5). As 

stated previously, a 1-h pretreatment with ibuprofen, in the present 

study, promoted a better maintainence in arterial blood pressure during 

the early phase as well as the later maintainence phase. These results 

suggest that a pretreatment period longer than 10 min is necessary 

before the pharmacodynamic effects of ibuprofen can offer full 

protection against the hypotensive effects of endotoxin shock. 

Investigators have reported that the early hypotensive phase of 
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endotoxin shock results from increased pulmonary arterial pressure and 

increased venous portal pressure combined with systemic pooling. These 

events result in decreased venous return (26, 27, 44) and, therefore, 

decreased cardiac output. Ibuprofen has been demonstrated to attenuate 

the decrease in cardiac output observed in canine endotoxin shock (2, 

64). In addition, it has been reported that ibuprofen prevents the 

early increase in pulmonary pressure in endotoxin shock (2) and 

increases organ and tissue blood flow (11, 71). The present results 

suggest that early pretreatment may attenuate the early decrease in MAP 

in response to endotoxin and maintain adequate pressures. Possibly, 

this occurs through the previously mentioned actions of ibuprofen, which 

maintain an adequate preload for the right heart. 

Ibuprofen administration did not alter venous pressures in either 

the drug control or the drug pretreated endotoxin group (Table 9); 

however, ibuprofen pretreatment in the endotoxin group eliminated the 

transient rise in venous pressure at 2 min after the administration of 

endotoxin that was observed in animals given endotoxin alone (Table 5). 

This would suggest that ibuprofen pretreatment may possibly attenuate 

the increase in venous portal pressure and/or abdominal pooling of blood 

and fluid. 

Plasma and lymph protein concentrations were not affected by 

administration of ibuprofen alone (Table 10); however, ibuprofen admin

istered before endotoxin attenuated the early losses in plasma protein 

seen with an IV injection of endotoxin alone (Table 6). Ibuprofen's 

ability to prevent an early decrease in plasma protein provides evidence 

that ibuprofen might prevent the early loss of protein rich-fluid or 
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attenuate the influx of a protein poor-fluid from the renal circulation. 

A more complete investigation into this area is needed to confirm this 

possibility. 

It has been proposed that endotoxin causes a release of arachidonic 

acid from one or more tissues that results in an increased synthesis of 

TxA^, PGE, and PGF^(30, 31, 40, 113). The deleterious effects of these 

metabolites are platelet aggregation, vasoconstriction, and increased 

microvascular permeability. Ibuprofen has been reported to attenuate 

these effects and to increase survival in animal models of endotoxic 

shock (5, 30, 70, 97, 112). Other investigators have reported that 

ibuprofen attenuated increases in lung lymph flow during endotoxemia 

(1,2). Reports of ibuprofen's attenuation of the degree of plasma loss, 

edema, and the resultant circulatory failure (56, 57) suggest that 

ibuprofen could attenuate increases in microvascular permeability. The 

increased clearance and the flux of protein into the left thoracic duct 

in the endotoxin group were restored to normal values by pretreatment 

with ibuprofen (Figure 30). These results are suggestive of 1) a 

decrease in the convective force or solvent drag carrying proteins 

across the capillary endothelium into the lymph, 2) a stabilized 

vascular integrity and normal permeability, or 3) a combination of both 

factors. The latter is probably the most applicable. In the present 

study, ibuprofen pretreatment attenuated significantly the porportional 

increase in convective transcapillary exchange, demonstrated with 

endotoxin alone, for total protein as well as MW fractions as large as 

1,000,000. The attenuation of increased L/P ratios by pretreatment with 

ibuprofen (Figure 31) suggests a stabilization of vascular permeability 
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in these same areas. The PS product data for total protein (Figure 32) 

suggests further that pretreatment with ibuprofen (I&EX) can protect the 

microvasculature from endotoxin-induced changes. The attenuation of 

lymph flow seen in Figure 29 (group I&EX) suggests decreased micro

vascular pressures in the organs that supply the left thoracic duct. 

This decrease is possibly because of diminished portal pressure and 

abdominal pooling, which are thought to be the driving forces behind 

increased left thoracic lymph flow. 

According to Granger et al. (49), the osmotic reflection coeffi

cient is defined as a measure of the degree of restriction offered by a 

membrane to solute movement and is a parameter that allows prediction of 

the effects of altered permeability. The reflection coefficients (ads) 

for total protein (Figure 33) support the hypothesis that endotoxin 

increases vascular permeability in the areas drained by the left thor

acic duct. Administration of endotoxin lowered the ad of total protein 

to 0.11. Endotoxemia has been reported to release lysozymes (12, 110), 

cause ischemia and circulatory stagnation (67), and increase levels of 

TxAp, PGFp, and PGE (40), all of which would result in increased edema 

and permeability (7, 33, 57). Superoxide radicals are released during 

ischemia, and may result in increased microvascular permeability (51). 

Any one or all of the former factors could alter the ultrastructural 

integrity of capillary endothelium, thus diminishing the ability of 

vascular membranes to restore transcapillary solute movement. 

Pretreatment with ibuprofen resulted in partial protection of the 

vascular integrity. The ad of total protein, after endotoxin, was 

attenuated 40% from the decrease in ad resulting from endotoxin alone. 
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Possibly this microvascular protection results from the ability of 

ibuprofen to lower TxA^, PGE, and PGF^ (30, 112, 113) as well as from 

the lysosomal stabilizing properties of ibuprofen (80, 100). In 

addition, ibuprofen has been shown to reduce the formation of the 

superoxide anion (103) released in ischemic tissues. 

Once total protein was separated into individual MW fractions, the 

extent of ibuprofen's protection on the basis of extravasation of 

different proteins was determined. As with total protein, adminis

tration of endotoxin increased dramatically the PS of each MW fraction 

(Figure 34). Significantly lower PS values for all four MW fractions 

were observed with ibuprofen pretreatment. This suggests a degree of 

membrane protection and stabilization from increased extravasation of 

small MW proteins as well as macromolecules as great as 1,000,000 MW. 

The most complete protection from increased extravasation was demon

strated for the largest MW fraction. By theory, the extravasation of 

the largest MW fraction, with an estimated Stokes-Einstein radius of 
o 

121.0 A, could occur only through the large-pore population. Because by 

ratio the number of large pores is far less than the number of small 

pores (107), any protection by ibuprofen from an increase in perme

ability through large pores would reflect a marked attenuation in the 

increased extravasation of this large macromolecule (fraction IV). 

The ads of each MW fraction in Figure 35 substantiate ibuprofen's 

significant protection of the microvasculature. These results demon

strate that pretreatment with ibuprofen maintained the ads for the 

lowest (60,000 MW) and the greatest (900,000-1,000,000 MW) fractions at 

values statistically similar to control. The ads for fractions II 
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(100,000 MW) and III (400,000-500,000 MW) were not protected to this 

extent; however, pretreatment with ibuprofen did maintain the ad for 

these fractions at levels significantly below endotoxin-shock values. 

In addition, the increase in the portion of convection for fraction II 

transcapillary exchange was not significantly lower than the percent of 

convection with endotoxin alone. These data suggest that pretreatment 

with ibuprofen did not protect microvascular permeability uniformly for 

all MWs. The cause and effect of this phenomenon is complex and not 

easily explained. Past studies of the microvascular ultrastructure and 

permeability have provided no clear-cut answers. Investigators have 

presented strong evidence that a system of small and large pores are 

necessary to describe the movement of large molecules across capillary 

walls (75, 53, 107). Mayerson et al. (74) demonstrated the existence of 

regional differences in capillary permeability among different tissues. 

Perhaps, the nonuniform protection ibuprofen affords to the permeability 

of MW proteins of different sizes can be explained best in terms of the 

heteroporosity of capillaries. The pharmacodynamic properties of 

ibuprofen could provide ultrastructural protection to one population of 

pores, but would be unable to prevent mechanisms that alter other 

endothelial ultrastructural sites in which a pore population of a 

different size could exist. Interpretation of this data is hampered 

further because of the variety of tissues drained by the left thoracic 

duct. All major known capillary types (continuous capillaries, 

fenestrated capillaries, and discontinuous capillaries) can be found in 

the different tissues drained by the left thoracic duct. Each capillary 

type has significant variations in the structural features of the 
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capillary wall, which would account for regional differences in 

capillary permeability (107), as well as variations in specific 

barriers or pathways (pores) that are proposed to play a role in 

capillary transport of molecules. Pinpointing the exact structural area 

of the capillary wall that benefits from ibuprofen's pharmacodynamic 

protection against changes in capillary permeability would be yery 

difficult and is not within the boundaries of the present study. 

Effectiveness: Methylprednisolone vs Ibuprofen 

A close comparison of the pharmacodynamic mechanisms of methylpred

nisolone and ibuprofen reveals both simularities and differences in 

their proposed mechanisms of effectiveness. Both drugs have been 

reported to increase blood flow and tissue perfusion to ischemic organs 

as well as to possess the ability to stabilize lysosomal membranes. 

Methylprednisolone finds popularity as a therapeutic treatment in septic 

shock because of its ability to stabilize membranes, attenuate the 

endotoxin-induced activation of complement and histamine, and improve 

tissue perfusion. In contrast, ibuprofen has therapeutic advantages in 

endotoxemia and sepsis because of its ability to block arachadonic acid 

metabolism and the resulting increase in TxA^ and other prostaglandins. 

It can be seen from the MAP results (Figures 20 and 28) that both 

drugs were able to attenuate the early phase of endotoxin-induced hypo

tension; however, ibuprofen was the only drug of the two to prevent the 

decrease of MAP in the later phase (30-180 min). The early hypotensive 

phase has been proposed to be caused by the effects of histamine-and 

TxAp-induced portal and venular hypertension, resulting in a reduction 
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in venous return to the right heart (2, 5, 6, 26, 98). It has been 

suggested that the later hypotensive phase of canine endotoxin shock is 

caused by, in part, by increased microvascular permeability in ischemic 

tissue and plasma loss (20, 51, 82). Either drug could possibly be 

preventing the initial hypotensive phase by attenuating the increased 

plasma levels of histamine or TxA^. During the later phase of endotoxin 

shock, ibuprofen improved MAP to a greater extent than did methylpred

nisolone. This provides the first clue that ibuprofen protects against 

endotoxin-induced permeability increases more adequately and maintains 

tissue perfusion better than methylprednisolone. 

Ibuprofen pretreatment, unlike methylprednisolone, prevented the 

early transient rise in venous pressure after the administration of 

endotoxin that has been attributed to portal hypertension and pooling. 

The fact that lymph flows were significantly attenuated in the ibu

profen-pretreated shock group lends support to the suggestion of atten

uated abdominal microvascular pressures. 

Results from total protein and electrophoretic analysis provide 

further evidence that ibuprofen as compared to methylprednisolone 

provided superior protection from endotoxin-induced permeability 

changes. Pretreatment with methylprednisolone attenuated only the early 

increases in L/P ratio, protein clearance, and protein flux, whereas 

pretreatment with ibuprofen attenuated these parameters to a greater 

degree for the entire experimental period. Moreover, although pretreat

ment with methylprednisolone attenuated the decrease in the ad and the 

increase in the percentage of convection for MW fractions of 100,000 or 

less, pretreatment with ibuprofen demonstrated a significant attenuation 
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for all MW fractions studied. These results suggest that TxA^, other 

prostaglandins, and possibly ischemia may inflict a greater degree of 

damage to microvascular walls than histamine or lysozymes alone. 

Although neither drug attenuated completely the microvascular damage 

occurring in endotoxemia, results obtained from the shock group 

pretreated with ibuprofen suggest this drug to be therapeutically 

superior in the treatment of endotoxin shock. 



CHAPTER V 

CONCLUSIONS 

The following conclusions are based upon results obtained from the 

seven canine animal groups in this study. 

1. Volume loading with saline increases venous pressure and left 

thoracic duct lymph flow. 

2. Increased lymph flows resulting from volume loading with saline are 

accompanied by small increases in protein extravasation across the 

microvasculature. 

3. Endotoxin shock results in a sudden decrease in MAP followed by a 

short recovery and a subsequent decrease in MAP. 

4. Endotoxemia results in increased lymph flows and microvascular per

meability as reflected by the total protein clearance, protein flux, 

L/P ratio, and the PS product, which were increased substantially to 

levels greater than by volume loading alone. 

5. Endotoxin shock increases the microvascular permeability to mole

cules of low as well as high molecular weight. 

6. The significantly lower PS product for total protein in animals ad

ministered two pretreatments of 30 mg/kg methylprednisolone suggest 

that the increases in microvascular permeability to total protein 

were thereby attenuated. 

7. Increases in the PS product and the decrease in ad resulting from 

administration of endotoxin were attenuated for MW fractions as 

148 
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great as 100,000. This suggests that pretreatment with methyl

prednisolone stabilizes vascular membranes against increases in 

permeability somewhat through the small-pore system, but fails to 

stabilize permeability through the large-pore system. 

8. Pretreatment with ibuprofen in two 3.75 mg/kg doses attenuates in

creases in microvascular permeability as demonstrated by signifi

cantly lower protein clearance, flux, L/P, PS product values, and b̂ ^ 

an attenuation of the decrease in ad seen with endotoxin alone. 

9. Pretreatment with ibuprofen attenuates the endotoxin-induced in

crease in the extravasation of proteins of low as well as high MWs, 

as evidenced by significantly lower PS products and by an attenua

tion of the decrease in ad for each MW fraction examined. 

10. Ibuprofen provides a greater degree of protection from endotoxin-

induced microvascular permeability increases than does methylpred

nisolone. 



CHAPTER VI 

POSSIBLE AVENUES OF FURTHER RESEARCH 

A thorough investigative study should not only answer the questions 

originally proposed, but also raise many unanswered questions. In the 

present study, many new questions and possible new avenues for research 

have come to light. 

Questions pertaining to hemodynamics and blood pooling during 

endotoxin shock have been raised but unanswered. Chien et al. (26) has 

attributed the decrease in plasma protein concentration during shock to 

an efflux of protein-rich plasma across the hepato-splanchnic vascula

ture occurring simultaneously with an influx of protein-poor plasma from 

the renal circulation. A follow-up study of Chien's work needs to be 

done to measure the plasma protein concentration as well as osmolarity 

in specific vessels or circulatory beds around the circulatory tree 

during endotoxin shock. In addition, blood-flow measurements and 

pressures in the areas of protein sampling need to be performed. These 

could possibly confirm that an influx of protein-poor plasma into the 

renal circulation does lower the arterial plasma protein concentration. 

The acquisition of lymph from the left thoracic duct is an adequate 

means to obtain a general estimation of abdominal capillary permeability 

(20, 24, 107) and to observe changes in permeability in pathologic 

situations. It has been shown, however, that during endotoxin shock, 

portal venous pressure is transiently increased; abdominal circulation 

150 
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is uneven and blood pools in different organ systems (4, 10, 27). In 

addition it has been demonstrated that there is a heteroporosity and a 

heterogeneity in capillary types among hepatic and gastrointestinal 

microcirculations (107). Because of these disparities in vascular 

ultrastructure, separate but simultaneous studies of the microvascular 

permeability of the hepatic and gastrointestinal tissues in the canine 

endotoxin shock model are needed. A canine model would permit easier 

access and canulation of individual lymph vessels; however, other animal 

models could be used. The same general protocol of the present study 

could be employed, but more attention should be centered on measuring 

the ad of each vascular bed, in the manner described by Granger et al. 

(48), before and after administration of endotoxin or administration of 

therapeutic drug. In addition, pretreatment studies should be followed 

by permeability studies in which therapeutic drug administration follows 

the onset of shock. If posttreatment studies provided the same amount 

of microvascular protection, a greater degree of clinical application 

would be suggested. 

The pretreatment of shocked animals with methylprednisolone or 

ibuprofen answered questions concerning their permeability-protective 

effects. Because the drugs differed in the protection they afforded, it 

would seem profitable to examine the advantages of their use in 

combination during endotoxemia. The two drugs act through similar as 

well as different pharmacodynamic mechanisms in the protection from 

permeability changes in shock. It has been reported recently that this 

drug combination increased the long-term survival rate survival rate 

from that achieved with either drug alone (114). Perhaps, the additive 
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effects of methylprednisolone and ibuprofen would prove to stabilize 

microvascular permeability during endotoxin shock. 

Pretreatment with ibuprofen provided some interesting results apart 

from their vascular permeability effects. These results, such as the 

attenuation of lymph flow and the early postendotoxin spike in venous 

pressure, as well as the attenuation of the decrease in plasma protein 

concentration, need to be investigated further. Parameters such as 

hepatic-portal, hepatic-venous, hepatic-wedge, inferior vena-caval, 

renal-venous, and pulmonary arterial pressures and blood flows could be 

measured in an ibuprofen-treated endotoxin shock model. In addition, 

hepatic and gastrointestinal blood flows and postexperimental histolog

ical studies of these organ systems should be included to investigate 

the ultrastructural protection of ibuprofen in endotoxin shock. 

The present study suggests that ibuprofen provides its protective 

effects by blocking cyclooxygenase and the subsequent attenuation of a 

rise in TxAp, and PGFp. Recently, specific inhibitors of thromboxane 

such as imidazol, 7-IHA, or dazoxiben have been developed (31). More

over, it would be useful to investigate of the effects of selective 

inhibition of metabolites in the arachidonic acid metabolism pathway 

upon microvascular permeability in endotoxemia. 

Before laboratory studies can benefit in the treatment of septic 

shock, clinical trial studies must be performed. Although numerous 

reports pertain to the therapeutic use of glucocorticoids in clinical 

septic shock (15), published studies of clinical trials of ibuprofen in 

the treatment of clinical sepsis are few. Therefore, trials with 

ibuprofen as a therapeutic adjunct in sepsis would prove to be valuable. 
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