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ABSTRACT

EXPERIMENTAL NON-LETHAL ENDOTOXEMIA IN THE PONY:
MODIFICATION OF THE PATHOPHYSIOLOGY BY POLYMIXIN B

By

Dolores Johanna Kunze

Two groups of five ponies were treated with very low doses of
endotoxin; the first group received endotoxin only and the second
received endotoxin plus polymixin B administered concurrently. Two
other groups, two ponies per group, served as controls with one
receiving polymixin B and the other receiving saline. Following the
infusion, the ponies trembled and coughed. They also developed pyrexia,
leucopenia and transient pulmonary hypertension resulting from increased
pulmonary vascular resistance. In the animals receiving endotoxin plus
polymixin B, the leucopenia, pulmonary hypertension and increased pulmo-
nary vascular resistance were ameliorated. Polymixin B, which binds to
the lipid A moiety of the endotoxin molecule, did not block the pyrexia,
suggesting that some other part of the endotoxin molecule might be
responsible for endogenous pyrogen release. An increase in circulating
leucocytes, particularly lymphocytes, was observed in the ponies given

polymixin B alone.
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INTRODUCTION

Endotoxemia is commonly recognized as a contributing factor in
various pathologic states, including gastrointestinal disease, aspira-
tion pneumonia and wounds with gram-negative sepsis. Normal intestinal
microflora, largely composed of gram-negative bacteria, continuously
produce and release endotoxins which are absorbed by the intestinal
mucosa and are detoxified by the liver. Concurrent hepatic or gastroin-
testinal disease may reduce detoxification or may increase endotoxin
absorption.1'2 Since endotoxemia occurs frequently and often poses a
serious threat to a patient's survival, the role of endotoxin in the
pathogenesis of naturally occurring and experimental disease has been
extensively investigated. Because the biologic effects of endotoxin are
so varied, the endotoxemic patient may exhibit a range of signs from
mild depression and pyrexia to massive, fulminating shock.3-8 In
experimental models, most researchers have used lethal doses of endo-
toxins and have based their conclusions on the documentation of fatal
shock.2-15 1n contrast, the clinical endotoxemic patient may or may not
exhibit signs of shock. Therefore, the standard experimental model
depicts only one manifestation of endotoxemia. The hematologic and phy-
siologic changes associated with clinical endotoxemia generally develop
more gradually and are much more prolonged than those seen in experimen-
tal models.13/14,16-20 Clinically, endotoxemia in the horse has been

implicated or suggested as a complication in certain gastrointestinal



disorders.19,21-23 papn3, as with other species, the experimental endo-
toxemia studies in horses produced abnormalities not entirely consistent
with those observed in clinical cases.2.13,14 Therefore, comparisons
and conclusions made between experimental animals and clinical animals
may not be entirely valid.

The therapeutic plan for endotoxin shock includes fluid volume
replacement and correction of acid-base imbalances.8:17,18,25 yjith
septic shock, appropriate antimicrobial agents are often used, but the
use of bactericidal drugs may actually exacerbate shock by accelerating
lysis of gram-negative bacteria and release of endotoxins. This possi-
bility is necessarily weighed against the potentially graver threat of
gram-negative septicemia. While most antibiotics that are effective
against gram-negative organisms will not interfere with the bioactivity
of the endotoxins, the cyclic cationic polypeptides will interfere by
interacting with the lipid components of the endotoxin molecule.26-28
Polymixin B sulfate, colistin and tyrocidine are members of this group
of antibiotics but are unpopular because of the accompanying
nephrotoxicity.3° Polymixin B sulfate is less nephrotoxic than others
in this group and is more effective in neutralizing endotoxin when
admixed before administration.28,29 Polymixin B sulfate has been given
before, during and after endotoxin administration with variable results,
but some lessening of either the disease state or the mortality occurred
with the use of the antibiotic concurrent with endotoxin
administration.31-43 It has even been used in a few clinical cases with
limited positive results.44 The timing of the administration of the

drug appears to be critical, which has made clinical application seem



impractical. The objectives of these experiments were to investigate
sublethal endotoxemia in ponies, and to determine if the subsequent

pathophysiology could be blocked by polymixin B.



LITERATURE REVIEW

Origin, Composition and Preparation of Endotoxin

Endotoxin, the portion of an enteric bacterium responsible for the
toxic effects, is the outer part of the cell wall. This material, a
complex of lipopolysaccharide (LPS) and protein is released from cells
during active growth and upon cell lysis; the molecule encompasses both
the endotoxin activity and the somatic antigens of the bacterium. Three
distinct regions form the molecule: the outer hydrophilic region, a
heteropolysaccharide containing the repeating O-specific antigenic units;
the central acid core, linking the O-antigens and the lipid portion; and
the internal lipid-rich region, or lipid A.16,25,46 1jpid A has a high
affinity for cell membranes, for other lipids and for protein. It
represents the biologically active part of the wild strains and the com-
mercially prepared endotoxin, and the polysaccharide portion facilitates
the solubility of the lipid in aqueous media. 16 Regardless of the bac-
terial species of origin, the experimental effects of purified prepara-
tions generally resemble the signs of naturally occurring gram-negative
sepsis.25 Response varies dramatically with dose, and the method of LPS
extraction may modify the toxicity of the preparation. The Boivin
method involves extraction with ice-cold trichloroacetic acid, resulting
in a preparation consisting primarily of LPS with some protein and
lipid; this preparation is slightly more active than some others because

not only does it contain large amounts of lipid A, but it also has a



carbohydrate side chain which appears to enhance activity.46:47 yith
the other commonly used preparation, the Westphal method, endotoxin is
extracted with phenol which does not preserve some of the side
chains.16:45 pjfferent lots obtained from a single supplier and derived
from the same bacterial strain may vary in their ability to elicit a
given response, particularly from platelets.48-52 overall, however, the
major trends are consistent enough to allow comparison of experiments
using varying combinations of lots, extraction methods and bacterial
species. Whereas individual animals of a given species respond

similarly, there are species differences in response to endotoxin.

Clinical Signs of Endotoxemia

No one set of clinical signs fits every endotoxemic patient; with
varying degrees of endotoxemia, a given patient of any species,
including human or equine, could appear to be normal or to be in near-
terminal shock. However, the shock cases usually have similar signs:
pyrexia, sweating, increased heart rate, varying degrees of depression,
cold extremities, shivering, shallow respirations or some degree of
dyspnea, congested or cyanotic mucous membranes, prolonged capillary
refill time, and, occasionally, evidence of coagulation disturbances
such as prolonged bleeding times.8:9,17,53 Very mild cases are usually
pyrexic and may have a mild secondary depression; fever is one of the
most consistent signs of endotoxemia, regardless of species or degree of
involvement; endotoxin is not only a very potent releaser of endogenous
pyrogen, but also may have a direct cerebral effect.>7 The greater the

degree of intoxication, the more severe the signs become.



Hematology of Endotoxemia

The familiar hematologic picture of endotoxemia, both naturally
occurring and experimentally induced, is characterized by an initial

neutropenia and thrombycytopenia, a somewhat later appearing lymphopenia

and an even later leucocytosis.®.15,20,25,35,44,53,61,64-66 Platelets
and leucocytes predominate as the peripheral agents for endotoxin
clearance; granulocytes actually remove endotoxin, and platelets appear
to facilitate removal by enhancing recognition of endotoxin by
phagocytes.-"4 When endotoxin attaches to platelets, the combination
forms the equivalent of a membrane-associated antigen. Through this
interaction, both the classical and alternate complement pathways are
activated with the subsequent generation of opsonins and chemotactic
factors and the lysis of gram-negative bacteria.>5~57 The mechanisms
of the platelet-endotoxin interactions depend critically on the presence
or absence of immune adherence sites on the platelet membrane. Primate
platelets lack these receptors and respond differently than the plate-
lets of rats, rabbits, dogs, and guinea pigs.58'59 The presence of
these receptors has not been reported in the horse. In rabbits, rats,
dogs, and guinea pigs, after platelet-endotoxin combination occurs, pla-
telet responses are usually characterized by aggregation and release of
platelet constituents, including ADP and vasoactive amines such as
histamine and serotonin.®0 The release response of platelets may occur
through lysis, in which granules and cytoplasmic constituents are
liberated, or by secretion, in which the platelet membrane remains
intact and only granule constituents are released. Serum complement is

probably involved in the lytic response.58 Horse platelets do respond



to endotoxin, but the exact mechanism has not been determined.®1 while
little is known of the physiologic, pathophysiologic and pharmacologic
characteristics of horse platelets, they respond to ADP with
aggregation, and in most other species, aggregation occurs with secre-
tion of dense granule contents.62,63

Endotoxin-platelet interactions may contribute to endotoxin shock
through three mechanisms: through the release of vasoactive substances
such as histamine and serotonin; through the formation of intravascular
occlusive platelet aggregates; and through the induction of disseminated
intravascular coagulation.‘6'57 The release reaction has already been
briefly discussed and will be discussed further in the hemodynamics
section. Platelet aggregation has been extensively investigated in its
contributions to endotoxin pathophysiology and shock. Platelets are
activated and become sticky in response to endotoxin; clumps of plate-
lets and leucocytes consistently form in the capillary beds of the
liver, spleen and particularly of the lung.4l1°l12'25'51'68'69 The
lungs are a very important site of endotoxin and host defense inter-
actions. The aggregations that form in small vessels may contribute
mechanically to the pulmonary signs observed: dyspnea with pulmonary
congestion and edema and foamy mucoid material draining from the noses
and mouths of moribund animals.10.14,53,69 powever, these aggregates
are not directly involved in the pulmonary hemodynamic alterations, but
platelet granular constituents are.4:10,12,60,65,66,69-77 qne release
reaction is more important in the pathogenesis of endotoxin shock than
is the aggregation reaction, but aggregation usually precedes

release.®7 The extraordinary ability of endotoxins to produce tissue



injury through the initiation of coagulation changes, disseminated
intravascular coagulation (DIC), has been recognized for over 50
years.72'73 Endotoxin is a solid phase activator of Hageman factor
(Factor XII) which, in turn, initiates the intrinsic coagulation
pathway.74 In addition to this, active Hageman factor can activate pre-
kallikrein to form kallikrein which generates bradykinin, and active
Hageman factor is capable of directly activating Factor VII, indicating
the probable contribution of the extrinsic coagulation pathway to endo-
toxin initiated coagulopathies.75'77 Endotoxin also damages endothelial
cells and indirectly activates the extrinsic pathway through the release
of tissue thromboplastins.56 The diagnosis of DIC is made in the
laboratory, characterized by decreased platelet numbers, prolongation of
the partial thromboplastin time (intrinsic coagulation pathway), pro-
longation of the prothrombin time (extrinsic coagulation pathway), and
elevation in fibrin degradation products. The development of coagulo-
pathies in response to endotoxin has been reported in most species
studied, including horses.51 Subsequently, the formation of
microthrombi in many organs, particularly the kidneys and lungs, contri-
butes to mortality. An endotoxemic patient may survive the initial
shock, if provided with adequate medical support, only to die from
secondary complications of renal failure or pneumonitis.

The commonest hematologic event in endotoxemia is an extreme leuco-
penia followed by leucocytosis. Neutrophils are the most affected,
probably because they not only interact directly with endotoxin, but
they are involved in endotoxin-induced platelet and complement interac-

tions as well. When endotoxin attaches to platelets, complement is



activated (alternate and classical pathways), and opsonins and chemotac-
tic factors are generated.55‘57 Because of these, neutrophils and
other granulocytes are attracted, and their enzymatic and phagocytic
activity increases.3%4,57 With increasing levels of endotoxin, the
cellular defenses are overcome: complement factors are depleted; plate-
lets aggregate and degranulate; coagulation factors are consumed;
neutrophils marginate and migrate into tissues, decline in function,
degranulate and degenerate; damaged endothelial cells exfoliate to float
freely in the bloodstream; and the reticulo-endothelial system (RES) is
depressed.3:57,67,78

In neutrophils, endotoxin directly interacts with lysosomal
membranes, disrupting membrane transport and causing enzyme 1eakage.54
Eventually, neutrophil chemotaxis is inhibited or overcome by humoral
factors released from other cells triggered by endotoxin, but the major
neutrophil functional defect stems from increased adhesiveness.57,79 In
vivo neutrophil adherence significantly increases and is maximal one
hour after treatment with endotoxin. This increased adherence is asso-
ciated with a reciprocal granulocytopenia that is followed by a
progressive granulocytosis. This adhesiveness appears to be due to a
heat-stable plasma component that requires a heat-labile cofactor that
might be complement.79 Granulocyte adhesiveness in vitro and margina-
tion in vivo are closely associated, complement-dependent phenomena.go
Also, the in vivo granulocytopenia corresponds with histological evi-
dence of sequestration of platelets and granulocytes in pulmonary

capillary beds.4,10,12,67
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Aside from the vascular occlusion and the resulting anoxic damage,
the trapped granulocytes release their lysosomes and exacerbate the
local tissue injury. Through the use of a Sanders ear chamber, the
inflammatory response to endotoxin was directly observed in rabbits.81
Within three minutes of endotoxin injection, leucocytes were sticking to
venule endothelium and would momentarily stick to arteriolar walls.
After ten minutes, emboli composed of platelets, leucocytes and erythro-
cytes appeared. By one hour, some venules and capillaries were
occluded, and their endothelium was swollen. Three hours later,
erythrocytes and leucocytes passed from the vessels into the surrounding
connective tissue with accompanying edema formation. If the rabbit were
dying, the microvascular circulation eventually stopped; this did not
occur in surviving animals. In animals which recovered, the circulation
did not return to normal for approximately two months when thrombi were
replaced. Histopathologic examination of the same tissues from nonsur-
vivors revealed similar pathology: congested microvasculature with
focal fibrin thrombi; swelling of endothelial cells; margination and
migration of leucocytes; and extravasation of erythrocytes. In animals
surviving 72 hours, the thrombotic vessels were markedly necrotic, and
the supporting connective tissue was degenerative. On histological
examination, the microvascular pathology of the lung was identical to
that just described for the ear.

Concurrently, in these same animals, circulating leucocyte numbers
decreased dramatically in ten minutes and remained low for six hours,
suggesting leucocyte destruction or migration into tissues. 1In other ex-

periments, when circulating leucocyte counts were followed over 24 hours,
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the decrease in total leucocytes was mainly due to a drop in neutrophils
which was maximal at about one hour.9.10,14,15,37,61,64,67,80,82
Monocytes decreased at the same time, lymphocytes decreased later, and
at about 24 hours, the leucocytes, particularly neutrophils, increased
to normal levels or higher with an increase in immature forms. The
total blood granulocyte pool is composed of the circulating granulocyte
pool and the marginated granulocyte pool. Radioisotope labeling shows
that the transient granulocytopenia caused by endotoxin is due to a
shift of cells from the circulating pool to the marginated pool without
an increase in total granulocytes. Later, in the granulocytosis phase,
all three pools increase without altering the ratio between circulating
and marginated cells.82 These events correlate well with the increased
adhesiveness induced by endotoxin.”?9 Augmentation of adherence was
maximal one hour after endotoxin administration and inhibition of
adherence was marked by 24 hours.

These findings explain the shifts between peripheral compartments
but don't explain the overall number changes or the appearance of
immature forms. This leucocytosis does not appear to be due to a
direct effect on blood flow through the marrow, but rather due to a
leucocytosis-inducing factor released in response to granulocytopenia.56
Electron microscopy of bone marrow events showed broad gaps in the nor-
mally closed sinus endothelium through which immature cells entered the
sinus lumina five minutes after endotoxin. By 15 minutes, the sinus
hyperemia had increased, and by 60 minutes, sinus destruction was so
extensive that, in some areas, sinus walls were no longer recognizable.

The overall result was an increase in immature forms of all cell lines
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in the general circulation.83 Thus, the granulocytosis is the sum of
shifting of mature cells back from the marginated pool, and the early
release of mature and immature cells from the bone marrow.

The effect of endotoxin on lymphocytes is not well understood,
but lymphopenia follows the early granulocytopenia by a few hours.
This lymphopenia may be an indirect rather than a direct effect, for
serum cortisol is known to increase in many species following endo-
toxin, and corticosteroids can directly and indirectly affect lympho-
cytes.25,26,70,84 1n gome species, corticosteroids lyse lymphocytes
(a dose-related phenomenon), in others initiate sequestration, probably
in the bone marrow, and in yet others the reaction is probably
mixed.26,84 al1so0, migratory function appears impaired, lymphokine pro-
duction is antagonized, and recruitment of additional lymphoid cells is
inhibited.84/85 Endotoxin appears to interact with receptors on lympho-
cytes and macrophages; it is mitogenic for B cells but not T cells,
transforms B lymphocytes, induces a macrophage chemotactic factor from B
cells, activates macrophages, and causes them to release lysosomal
enzymes.85 In the horse, specific interactions of endotoxin and lympho-
cytes have not been defined, but the lymphopenia is believed to be a
secondary effect of endogenous cortisol release.51 The major effects of
endotoxin seem to occur mainly through induced hormones and humoral
factors.

One hematologic hallmark of endotoxin remains to be discussed: the
marked elevation of packed cell volume (PCV) observed in endotoxin

shock.14,25,61,64 an endotoxin receptor on erythrocytes has been
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isolated, but this is more important in complement activation.28,43
Epinephrine released during sympathicoadrenal activity in response

to arterial hypotension is a potent initiator of splenic contraction,
and increases in circulating levels of epinephrine are reported in endo-
toxin shock.’0,87-90 1, species such as the horse with splenic capsule
contractility, endotoxin has a marked effect on PCV, and when the

spleen contracts, erythrocyte reserves are ejected into the general
circulation.61,64,86,87 p secondary rise in blood viscosity follows the
PCV elevation.87 oOther contributions to the PCV increase are losses in
plasma volume secondary to increased capillary permeability and
increased lymph production.91 Increased blood viscosity may contribute
to the coagulopathies and, therefore, may exacerbate the tissue hypoxia
of shock. Figure 1 shows a schematic overview of the interplay of

humoral and cellular components.

Hemodynamics of Endotoxemia

From the preceding discussion, it should be obvious that no endo-
toxin induced event stands alone; the interactions are circuitous and
interdependent. Similarly, the hemodynamic alterations and the
initiating events of the patient in endotoxin shock are complex and
well interrelated. Classically, the hemodynamic response to endotoxin
can be divided into three categories on the basis of species
differences. The first is characterized by early splanchnic venous
pooling and is seen in the dog, rat, mouse, coyote, and bear; the second
category is characterized by pulmonary venous pooling, and this group
includes the cat, horse, sheep, calf, and rabbit; and lastly, in

primates and presumably in man, multiple sites of venous pooling are
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suspected,10-13,17,25,36,66,70,87,91 Egach category will be discussed
individually using the responses of the dog, horse and monkey as typical
of the species in each group. In most species, the vascular reaction to
endotoxin is systemic arterial hypotension which develops as a result of
decreasing cardiac output due to low venous return, secondary to vascu-
lar pooling. In experimental endotoxemia, initially the vasculature is
constricted and vascular resistance increases, but later vascular
resistance decreases and vessels dilate.’0

The early reactions in the dog are transitory; portal vein pressure
rises with a concurrent fall in central venous pressure. An increase in
small intestine weight suggests a further contribution to the splanchnic
venous pooling (the mechanisms involved are poorly understood). Also,
pulmonary arterial pressure increases due to a rise in both pulmonary
arterial and pulmonary venous resistances. 10,92 Pulmonary vascular
changes occur rapidly and are over by 30 minutes. Total peripheral
resistance rises only slightly, but the cardiac output drops precipi-
tously with a resulting systemic hypotension.93 Hence, the fall in
blood pressure is due to decreased total blood flow, the result of
diminished venous return from blood pooling in the liver, and not due
to peripheral dilation or myocardial weakness. This initial hypotension
later yields to a return to normal pressure levels, reflecting the
release of pooled blood from the liver. The final, prolonged hypoten-
sion leads to fatal shock, but the exact site (or sites) of the causa-
tive venous pooling is unknown; it does not appear to be the liver.9%4
The progressive, late-occurring fall in total peripheral resistance,

coupled with low cardiac output, results in irreversible shock.93
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Following slow intravenous injection of endotoxin in the horse,
early changes include an immediate increase in pulmonary arterial
pressure, a marked decrease in systemic arterial pressure, and only a
slight rise in central venous pressure. Mesenteric pooling does not
appear to occur, but there is a striking early rise in pulmonary vascu-
lar resistance and subsequent pulmonary venous pooling. The systemic
arterial pressure returns to normal levels and remains there for several
hours. With the later occuring preterminal hypotension, again venous
pooling probably occurs, but the exact site remains unknown. The total
peripheral resistance may be low at this time.13,14

In monkeys, endotoxin shock is characterized by decreased cardiac
output, decreased central arterial blood pressure, and decreased total
peripheral resistance. In contrast to other species, the arterial blood
pressure declines gradually and after relatively stable spells, drifts
into shock levels. Portal venous pressure rises only slightly, but
there is no evidence of hepatic or splanchnic pooling; mesenteric blood
flow does not change at any time, but mesenteric vascular resistance
declines at about 45 minutes after endotoxin injection and remains low
for the remainder of the experiment. A probable deficient venous return
would account for a decreased cardiac output and the hypotension.7°l95

The patterns differ, but the hemodynamic events of all species have
similar features, as do the hematologic events of endotoxemia, and not
surprisingly, the two areas are interrelated; white blood cell and
platelet numbers decrease concurrently with the early pressure changes.
The relationship is direct; a component of whole blood is responsible

for the pressor effects of endotoxin, and more specifically, platelets
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are essential for the hemodynamic pathophysiology.wlsgﬂ1 Concurrently
with the thrombocytopenia characteristic of endotoxemia, serum
concentrations of several vasoactive substances, particularly pressors,
increase. Plasma serotonin reaches a maximum level 15 seconds after
endotoxin injection and rapidly disappears.16'65'55'96'97 Platelet
aggregation is not essential for the pressor response, but release
is; concurrent administration of a serotonin antagonist will not block
the thrombocytopenia, i.e., will not block clumping but will block
release.%9 As previously mentioned, bradykinin increases through
Hageman factor activation and may account for some of the
hypotension.’4:88,89 Hjgtamine and the catecholamines also occur in
higher than normal levels with endotoxin shock.69,70,88,89 pyjgtamine is
found in the platelets of most species and in the leucocytes of almost
all species.®9 There is not only an immediate histamine increase, but
there is also a later rise, apparently "induced" histamine, synthesized
in or near vascular endothelial cells following endotoxin.98

The release of biogenic amines in endotoxemia is slower and more
gradual than that in anaphylaxis, but similarities do exist: profound
hemoconcentration, leucopenia, thrombocytopenia, and pulmonary arterial
hypertension with decreased central venous pressure. In acute systemic
anaphylaxis in the horse, histamine and serotonin concentrations
appeared coupled with white blood cell and platelet numbers; very early
in anaphylactic shock, whole blood histamine concentrations rise sharply,
but later a much lower histamine level coincides with the most profound
period of leucopenia and thrombocytopenia.99 Horse leucocytes are par-

ticularly rich in histamine and serotonin, and while levels of biogenic
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amines have not been measured in the horse, on the basis of the induced
anaphylaxis data and the known equine platelet response data, it is not
unreasonable to assume that the hemodynamic changes in horses in endo-
toxin shock are attributable to vasoactive amines such as histamine and
serotonin.62,63,99-101 pyjgtamine is a constrictor of smooth muscle of
the trachea and pulmonary arteries and veins of horses.99:,101 pjstamine
also produces hepatic vein constriction in the dog and is a potent
systemic arteriolar dilator. Catecholamines increase in many species in
endotoxin shock, possibly accounting for the transient increase in blood
pressure following the initial decrease.12:88 fThe effects are probably
dose related, and the wide variability in vasoactive amine responses

among species may explain the varied species responses to endotoxin.

Structure and Molecular Interactions of Polymixin B

As previously mentioned, polymixin B is a cyclic, cationic
polypeptide; it has a molecular weight of approximately 1250 daltons and
contains threonine, &, Y-diaminobutyric acid, and a nine carbon
saturated fatty acid.29/30 Thig family of drugs is nephrotoxic, and a
relationship between intramolecular structure and toxicity has been
suggested. While polymixin B is considerably less nephrotoxic than some
of the other polymixins, the toxicity of these peptides may be partly
due to their D-amino acid content.30 In levels approximating the usual
therapeutic dose, polymixin B does not produce clinical signs of
depression of renal function in normal dogs.102  also, the polymixin
antibiotics are inactivated in vitro by tissues because they bind to the
phospholipids of cell membranes; polymixin B persists in liver, kidney,

brain, heart, muscle, and lung for as long as 72 hours.103 The binding
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is through electrostatic attraction to the negatively charged phospho-
lipids of membranes.37:103 another interesting example of the binding
of the drug is in vitro degranulation of mast cells by polymixin B. 104
While the exact significance of this is unknown, in one study the
control animals given polymixin B sulfate alone developed a leuco-
cytosis, possibly secondary to in vivo mast cell degranulation, and
the release of chemotactic factors.37 Overall, the tendency of the
polymixins to bind the mammalian membranes may be an important feature
of their toxicity, but it does not appear to account for their benefi-
cial effects.

Polymixin B is bactericidal and is generally more active against
gram-negative than gram-positive organisms. Susceptible bacteria absorb
considerable amounts of the drug, which is a surface active agent, much
like a cationic detergent. Detergents disorganize cell membranes and
denature certain proteins, and similarly, polymixin combines with and
disorganizes cell structures that are responsible for osmotic equili-
brium; combination of polymixin B and sensitive bacteria results in
leakage of low molecular weight cell constituents and thereby kills the
cells. More specifically, polymixin B combines with the inner layer or
membrane of the bacterial cell wall, the region of the cell responsible
for endotoxin activity.3° The bacterial action of the polymixins is
probably due to complexing of the drug to bacterial lipids; very signi-
ficantly, polymixin B binds to the lipid A portion of endotoxin.27,29
The stoichiometric relationship appears to be one to one with the for-
mation of complexes with higher molecular weights.29 These complexes
are reversible, and because the bond forms at the lipid A region, all

types of endotoxin should respond similarly to polymixin B. 29,30
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Modification of Endotoxin Pathophysiology by Polymixin B

The cyclic cationic polypeptides, especially polymixin B, directly
neutralized endotoxin in a series of experiments in which the antibiotic
was admixed with endotoxin prior to administration.28:31 1n various
other experiments, primarily in laboratory animals, polymixin B
decreased the lethality, neutralized the coagulation derangements, and
abrogated the hematologic and hemodynamic aberrations induced by
endotoxin.31,32,34-43,105 1p most of these experiments, the polymixin B
and the endotoxin were combined before injection. However, in one
experiment, the antibiotic was given before and after endotoxin, and
survival rate still improved significantly.43 In another trial, poly-
mixin B admininstered after endotoxin injection ameliorated the
endotoxin-induced coagulopathy.41 And, during a clinical trial, poly-
mixin B did not improve the survival rate in patients with coagulo-
pathies secondary to liver cirrhosis, but it did partially ease the
coagulation disorders.44

An ideal endotoxin-blocking dose of polymixin B has not been
derived in any species, but most investigators have used a dose of
2.5 mg/kg of body weight. To be effective, polymixin B has to combine
with the lipid A moiety of endotoxin before it becomes fixed in tissues.
With some bacteria, the parent bacterial susceptibility and the suscep-
tibility of the derived endotoxin to polymixin B are related; however,
these two qualities can also be quite divergent.106 Whereas sensitive
bacteria absorb much larger amounts of the antibiotic than do resistant
strains, and polymixin B usually neutralizes endotoxin derived from sen-
sitive microorganisms more efficiently than that derived from resistant

bacteria, it is still effective against the endotoxins of nonsusceptible
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bacteria.28:33 rThe beneficial mechanism of action of polymixin B on
endotoxin-induced pathophysiology occurs through combination of the drug
with the lipid A portion of the molecule, i.e., the portion of the mole-
cule that is constant between bacterial species and responsible for the

bioactivity of endotoxin.

Experimental Rationale

The spectrum of clinical endotoxin syndromes ranges from clinically
normal animals with pyrexia and/or hematologic alterations (absolute
leucopenias) to massive, lethal shock. But the majority of experimental
studies, particularly in horses, has been done with lethal doses of
endotoxin.2=15 Thus, the pathophysiology of nonlethal endotoxemia is
not well defined. Similarly, in the treatment of endotoxemia and endo-
toxin shock, most of the agents or techniques used are directed at
various manifestations of endotoxin pathology and not specifically at
the endotoxin molecule.8:17,18,25 mhere is a direct interaction
between polymixin B and the lipid A portion of the endotoxin
molecule.28,29,31,33,106 rjpid A is the bioactive portion of the endo-
toxin molecule and is present in all commercially prepared and naturally
occurring forms of endotoxin.16:25,46 yith these factors in mind, this
study was designed to investigate sublethal endotoxemia, and to attempt
to block or modify the resulting pathophysiology. Specifically, the
febrile, hematologic and hemodynamic responses were measured and eva-
luated in ponies given very low doses of endotoxin, and comparisons of
these parameters with and without polymixin B were made in an attempt to
evaluate the potential of this antibiotic as a therapeutic adjunct in

the treatment of clinical endotoxemia.



MATERIALS AND METHODS

Experimental Animals

Mature, clinically normal Shetland ponies (half were females and
half were castrated males), weighing 130 to 240 kg, were brought indoors
and allowed to acclimate to their surroundings for at least 24 hours
before being readied as experimental preparations. All animals were
examined and were found to be free of clinically detectable disease. A

total of 14 experiments was performed.

Surgical Procedure

Twenty-four hours prior to the experimental period, the ponies were
anesthetized with 0.2% thiamylal sodium in a 5% glyceryl guaiacolate
plus 5% dextrose solution. Following intubation, anesthesia was main-
tained with halothane and oxygen. The right side of the neck was
clipped and surgically prepared, the skin and cutaneous colli muscle
were incised, and with blunt dissection, the external jugular vein and
the carotid artery were exposed. After freeing these structures from
the surrounding tissues, the carotid artery was cannulated with a No. 7
French teflon end-hole catheter (United States Catheter and Instruments
Corporation, Glen Falls, New York) which was filled with heparinized
saline (0.05% sodium heparin in physiological saline, beef lung
extraction, Upjohn Company, Kalamazoo, Michigan) and secured with catgut
ligatures (American Cyanamid Company, Pearl River, New York). This

catheter was used to measure systemic arterial pressure. Two catheters

22
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were introduced into the jugular vein; a No. 7 French balloon-tipped
Swan-Ganz triple lumen catheter (Columbus Instruments International
Corporation, Columbus, Ohio) was positioned in the pulmonary artery, and
a second No. 7 French end-hole teflon catheter was positioned in the
right atrium. Both were filled with heparinized saline prior to
placement. The Swan-Ganz catheter, which has a thermistor near the tip,
was used to measure body temperature, pulmonary arterial pressure and
the changes in blood temperature during cardiac output determination.
The second teflon catheter was used to record right atrial pressure and
served as the injection port for the cold saline bolus used in the car-
diac output determination by thermodilution. Both of these catheters
were secured with catgut ligatures, and the skin was closed with a
nonabsorbable suture material (Suprylon, Pfrimmer, West Germany) in a
simple continuous pattern. All catheters were connected to pressure
transducers (Statham P53 Db, Statham, Hato Rey, Puerto Rico), and all
catheter placements were verified by pressure measurements (PDV-22
pressure preamplifier, Electronics for Medicine, Incorporated, White
Plains, New York) and by the shape of pressure tracings recorded on a
two-channel recorder (Model 2M-SB, MFE Recorders, Salem, New Hampshire).
Transducers were calibrated prior to each experiment against a mercury
manometer. After catheter placement was verified, all catheters were
secured by a bandage, and the ponies were allowed to recover from
anesthesia.

Following recovery, each pony was returned to a stall and was given
free choice of water and feed. The next day, the pony was placed in a

specially designed restraining box and was allowed to become accustomed
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to the box and equipment for 60 to 90 minutes before control values were
taken. Catheter patency was maintained with periodic flushes of hepari-
nized saline, and the pressure transducers were placed at the level of

the base of the heart (approximately the point of the shoulder).

Experimental Protocol

Control measurements were made of the following variables: syste-
mic arterial blood pressure (systolic, diastolic and mean), mean right
atrial pressure, pulmonary arterial pressure (systolic, diastolic and
mean), body temperature, cardiac output, packed cell volume, total white
blood cell count, and differential count of white blood cells.

After control measurements were taken, each pony was given one of
the following solutions at the following level: 1 ug/kg body weight

Escherichia coli 026:B6 Boivin extracted endotoxin, lot 639746 (Difco

Laboratories, Detroit, Michigan) in physiological saline at a con-
centration of 1 ug/ml; 2.5 mg/kg body weight polymixin B sulfate U.S.P.
(Pfizer, Incorporated, New York) prepared by dissolving the micronized
powder in 5% dextrose solution and sterilizing by microfiltration
(Nalgene Labware Division, Sybron Corporation, Rochester, New York);

2.5 mg/kg body weight polymixin B sulfate and 1 ug/kg body weight
endotoxin; or sterile physiological saline. All solutions were given by
slow infusion (average infusion time approximately five minutes) through
the right atrial catheter, with the exception of those experiments in
which both endotoxin and polymixin B were given. In those, the two
agents were given through separate catheters simultaneously: the poly-

mixin B through the right atrial catheter and the endotoxin through the
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proximal hole of the Swan-Ganz catheter. A total of 14 experiments was
performed: 5 endotoxin only, 5 endotoxin plus polymixin B, 2 polymixin B

only, and 2 physiological saline only.

Measurement of Blood Pressure

Blood pressure was measured directly using the heparinized saline
filled indwelling catheters connected to the transducers, amplifier and
recorder. Catheters were assumed to be accurately measuring blood
pressure when blood could easily be aspirated through them, and they
could readily be flushed. With the electronic damping of the recorder,

the mean pressure values were recorded.

Measurement of Cardiac Function

Cardiac output was measured by thermodilution; 107-109 4 ten ml
volume of cold physiologic saline (0-2°C) was injected manually as
rapidly as possible into the right atrium through the teflon catheter.
The blood temperature change in the pulmonary artery was sensed by the
thermistor at the tip of the Swan-Ganz catheter, the other end of which
was connected to the cardiac output computer (Cardiotherm =500, Columbus
Instruments International Corp., Columbus, Ohio). The temperature of
the injectate was detected by a second thermistor connected to the
computer. At least five cardiac output determinations were made, and an
average of these was recorded for each time period.

Cardiac output and blood pressure readings were taken prior to
infusion, at 15 minutes, at 30 minutes, and hourly from one to four
hours following infusion. Times were measured from the finish of the
infusion. Additionally, in the endotoxin experiments, the first noti-

ceable blood pressure rise was 10 minutes after injection, and in the
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endotoxin-polymixin B experiments, the first noticeable pressure
increase was at 50 minutes. At these times, additional recordings of

cardiac output and pressures were made.

Hematologic Parameters

All blood samples were collected in evacuated glass tubes con-
taining EDTA for anticoagqulation (EDTA vacutainer; Becton, Dickinson and
Co., Rutherford, N.J.). The blood samples were drawn from the carotid
artery catheter immediately prior to infusion, at 15 minutes, at 30
minutes, at 1 hour, and at hourly intervals from 2 hours to 10 hours,
and at 24 hours after infusion. Again, times were measured from the
finish of the infusion. The packed cell volumes were determined by the
microhematocrit method using a microcapillary centrifuge (International
Equipment Co.; Boston, Massachusetts), and plasma solids were determined
by refractometer (American Optical Corporation; Buffalo, New York).

White blood cell counts were determined manually by using a hemocy-
tometer (Spencer Bright-Line, American Optical Co., Buffalo, New York)
charged to contain a 0.9 mm3 volume. The hemocytometer was filled from
a Unopette dilution vial (Unopette Test 5855; Becton, Dickinson and Co.,
Rutherford, New Jersey) which has a buffered ammonium oxalate solution
that hemolyzes mature red blood cells and preserves the platelets,
leucocytes and reticulocytes. The Unopette system has a capillary
pipette that fills automatically to a 20 pul volume which, when mixed
with the vial's contents, becomes a 1:100 dilution. After allowing 10
minutes for the red cells to hemolyze, the hemocytometer was charged,

and the number of white blood cells in its block of nine squares was
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counted. Ten percent of the count was added to the number of cells
counted and the sum multiplied by 100 to arrive at the number of
leucocytes/mm3. The differential leucocyte count was determined by
microscopic examination of 100 cells of a Wright's stained blood smear.

All smears were made immediately after the collection of blood.

Statistical Analysis

Data were analyzed in a two-way analysis of variance, each animal
as its own control, in a completely randomized block design. Mean dif-
ferences were compared by the Student-Newman-Keuls' test. The Student's
t test was used to detect any significant difference between means in
the endotoxin experiments and the endotoxin and polymixin B experiments
when a significant change occurred in one of these sets of experiments.
The coefficient of variability was used to determine the relative
variability of the sets of experiments. All comparisons were made at
the p=0.05 level. The use of the coefficient of variability allows com-
parison of variability, thereby indicating the presence or lack of uni-

formity within the data for a given set of exper:i.mem:s.‘”ol111



RESULTS

Clinical Observations

In all of the experiments, the ponies remained bright and alert,
and their oral mucous membrane color and capillary refill time remained
normal. At about 10 or 15 minutes after endotoxin injection, the
ponies' pulse and respiration rates increased moderately, and they began
to tremble. The trembling decreased gradually and stopped after about 2
hours. Also, at about 15 to 30 minutes after injection, the ponies
"rattled" as they breathed, as if they had fluid in their tracheas.

This lasted only a few minutes, and during this time, several of the
ponies coughed a few times. No exudate was ever seen at the noses or
mouths of these ponies.

Of the group given endotoxin plus polymixin B, three also began
trembling, but in these the trembling began about 50 to 60 minutes after
injection. The trembling stopped within 20 minutes in all but one pony
which continued to tremble for about 1 hour. BAlso, one of these
trembling ponies coughed several times after the trembling began.

The body temperatures of both the endotoxin group and the endotoxin
plus polymixin B group were significantly elevated 1 hour after infusion
(Figure 2, Table 1). The time courses of the temperature rises of these
two groups were parallel out to the 3 hour sampling time. The mean maximum

temperature of the endotoxin group was 38.8°C at 4 hours post-infusion.

28



29

By 24 hours, the body temperature returned to normal. In the endotoxin
plus polymixin B group, the mean maximum temperature was 39°C, which was

reached at 2 hours.
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TABLE 1. Statistical comparisons between means of body temperature (°C).
Endotoxin

pre-inf. 24 hr. 15 min. 30 min. 1 hr. 3 hr. 2 hr. 4 hr.
37.4 37.5 37.7 37.9 38.3 38.6 38.7 38.8

Endotoxin plus Polymixin B

pre-inf. 24 hr. 15 min. 30 min. 4 hr. 1 hr. 3 hr. 2 hr.
37.5 37.5 37.6 37.8 38.2 38.4 38.7 39

(Means underscored by the same line are not significantly different at
the 0.05 level.)

Coefficients of variability - body temperature

CVENDO = 0.86%

CVENDO+PB = 1.21%
CVpg 0.40%

CVSAL = 0.40%
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In this group, the mean body temperature at 4 hours approached the pre-
infusion temperature mean. In the polymixin B treated and the saline
treated groups, no significant differences in temperature were seen.
Student's t test performed on pre-treatment, 1 hour, and 24 hour means
showed no significant difference between the body temperatures of the

ponies given endotoxin and those given endotoxin and polymixin B.

Hematologic Effects

Following endotoxin infusion, the total white count began to
decline sharply; by 15 minutes, a significant decrease in circulating
white blood cell count appeared (Figure 3, Table 2). This decline con-
tinued until it reached its lowest point at 1 hour. From there, the
mean count began to rise and approached the pre-infusion level at 8
hours. A significant increase had developed by 24 hours. Similarly, in
the endotoxin plus polymixin B group, the total white count was also
lowest at 1 hour but remained within the normal range for horses.

Unlike the endotoxin group, there was a significant increase by 8 hours
that persisted to 10 hours. At 24 hours, the total white count had
returned to pre-infusion levels. In the polymixin B treated group,
total white counts fluctuated only slightly with a significant increase
4 hours after the infusion of the antibiotic. That increase did not
persist. The saline treated group showed even less variation in white
count over the experimental period, and at no time did a significant
difference from the pre-injection mean appear. Student's t test per-
formed on the pre-treatment means, the 1 hour means and the 24 hour
means of the ponies treated with endotoxin and the ponies treated with
endotoxin plus polymixin showed a significant difference between the two

treatment groups only at the 1 hour comparison.
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Most of the endotoxin-induced changes in the total leucocyte counts
were attributable mainly to the changes in segmented neutrophils (Figure
4, Table 3). Again, the greatest decrease in cell numbers occurred
1 hour post-infusion. This decrease was profound with a pre-treatment
mean of 6,801 cells/mm3 going to a 1 hour mean of of 202 cells/mm3, a
97% reduction. Mature neutrophils began returning to circulation after
1 hour but did not approach the pre-infusion level until 8 hours.

An absolute increase of 11,510 cells/mm3 was present at 24 hours,
representing an increase of 69% over the pre-treatment level. In
contrast, the 1 hour mean for the endotoxin plus polymixin B group was
5,139 cells/mm3, and was 56% of the pre-treatment count. By 4 hours
post-infusion, the mean count approached the pre-treatment mean and con-
tinued to increase to a maximum of 12,030 cells/mm3 at 8 hours, a 31%
increase over the pre-treatment level. There was no significant dif-
ference in the segmented neutrophil means throughout the experiments for
either the polymixin B-treated or the saline-treated ponies. The coef-
ficients of variability show mild to moderate heterogeneity of the data.
Student's t tests performed on pre-infusion, 1 hour and 24 hour means
between pony groups treated with endotoxin and those treated with endo-
toxin plus polymixin B showed a significant difference only at the 1
hour comparison.

Non-segmented neutrophil counts basically followed the patterns of
the segmented neutrophil counts (Figure 5, Table 4). In those animals
given endotoxin, the few non-segmented neutrophils initially present
disappeared by 1 hour. At 4 hours, the non-segmented neutrophils
were increased over pre-infusion levels, and at 10 hours, a mean of

1,605 cells/mm3 represented 13% of the total white count. At 24 hours,
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non-segmented neutrophils made up 14% of the total white blood cell
count. The 10 hour and the 24 hour means for the endotoxin treated
ponies were significantly greater than the pre-treatment means, but on
Student's t test comparisons between this group and the endotoxin plus
polymixin B treated animals, there was no significant difference between
the pre-infusion, 1 hour and 24 hour means. The coefficients of
variability for these experiments were extremely large, reflecting the
tremendous variability in the non-segmented neutrophil numbers (range
within the endotoxin experiments: 0 to 2,528 cells/mm3).

The changes in circulating lymphocytes were not as dramatic as were
those in the neutrophils (Figure 6, Table 5). In the endotoxin group, a
decreasing trend was maximal at 6 hours with a mean of 1,797 cells/mm3,
which represented 52% of the pre-infusion mean. At 24 hours, the mean
of 3,372 cells/mm3 was only slightly above the pre-infusion mean of
3,435 cells/mm3. Over the course of the endotoxin plus polymixin B
experiments, lymphocytes declined to 2,469 cells/mm3 at 4 hours, a 37%
decrease. At 24 hours, they rose to 4,993 cells/mm3, a 27% increase.
There were no significant differences in lymphocyte means in the poly-
mixin B or saline experiments, but at 4 hours a sharp increase in
lymphocyte numbers was noted in the polymixin B treated animals. The
means were 5,420 and 7,010 cells/mm3 respectively. Student's t test
comparisons between means of endotoxin and endotoxin plus polymixin B
experiments on pre-infusion, 6 hour and 24 hour means indicated no
significant difference between these experiments at the 0.05 level.

There were no statistically significant differences in the monocyte

counts in any of the four treatment categories. The means for the
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endotoxin, the endotoxin plus polymixin B, the polymixin B, and the
saline groups were 239, 176, 205, and 228 cells/mm3 respectively. The
variability of this data was enormous; the coefficients of variability
for the endotoxin, the endotoxin plus polymixin B, the polymixin B, and
the saline groups were 118%, 90%, 83%, and 50% respectively.

A slight change was noted in the packed cell volume in the animals
treated with endotoxin without any accompanying increase in total plasma
solids. The mean PCV started to increase immediately after infusion,
and at one hour was 34%, an increase of 31% over the pre-treatment mean
of 26% (Figure 7, Table 6). The endotoxin plus polymixin B group had
no significant change in PCV until 24 hours when it increased. The
Student's t test comparison showed a significant difference between the
1 hour means but not the pre-infusion or the 24 hour means of the endo-
toxin and the endotoxin plus polymixin B experiments. In the polymixin
B groups, one pony had an unexplained increase in PCV at 24 hours, and
in the saline group, one pony had an unexplained decrease in PCV at 24
hours. The coefficients of variability show mild heterogeneity of the

PCV data.

Hemodynamic Effects

Systemic arterial blood pressure did not change significantly in
any of the four experiments (Figure 8). However, some trends appeared;
at 10 minutes in the endotoxin treated animals, systemic arterial
pressure increased sharply, at 1 hour fell to its lowest point and
at 4 hours increased again. In the endotoxin plus polymixin B animals,
systemic arterial pressure decreased very slightly, then rose above

pre-infusion levels at 1 hour and returned to pre-infusion levels at
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3 hours. In the polymixin B and saline treated animals, systemic
arterial pressure declined gradually over the experiments. The coef-
ficients of variability for the endotoxin, endotoxin plus polymixin B,
polymixin B, and saline groups were 12%, 7%, 3%, and 3% respectively,
revealing mild heterogeneity of the data.

The changes in mean pulmonary arterial blood pressure were abrupt
and transient (Figure 9, Table 7). Ten minutes after injection with
endotoxin, the mean pulmonary arterial pressure increased to 55 mm Hg,
136% over the pre-infusion mean of 25 mm Hg, started to decrease imme-
diately and was not significantly different from pre-infusion levels at
30 minutes. In the endotoxin plus polymixin B group, the mean pulmonary
arterial pressure at 50 minutes was 33 mm Hg, an 83% increase over the
pre-infusion level of 18 mm Hg. It returned to the pre-infusion level
by 2 hours. There was no significant change in mean pulmonary arterial
pressure in either the polymixin B or the saline groups, each with a
mean of 21 mm Hg. At 10 minutes, there was a significant difference
between the endotoxin treated ponies and the endotoxin plus polymixin B
treated ponies when compared by the Student's t test at the 0.05 level.
There was no significant difference by t test between these 2 groups at
pre-infusion, 50 minutes and 4 hours.

There was no significant change in mean right atrial pressure
during any of the experiments. The mean of the endotoxin group of
7 mm Hg was somewhat higher than the endotoxin plus polymixin B, the
polymixin B and the saline means, all at 3 mm Hg.

There was no significant change in cardiac output during any of the
four experiments (Table 8). The mean cardiac output was 15 L/min for

the endotoxin group, 16 L/min for the endotoxin plus polymixin B group,






55

*3doueRTIRA
jo stsiTeue Lem-om3 XAq onyTea uorsnjut-axd s3T woaF JuaaajjTp LAT3uedofITubrs ST *utW QFf 3I*®
anTeA g urxTuiA1od sn1d uyxojopua 3yl ATuoO ‘() poa)YIPw Sueaw 8yl JO *ddOUPTIRPA JO STSATeue
Kem-om3 Aq senyTea uoisnjui-axd woxj 20UaIS9IITP JueOTITubys sjuasaxdax 4, °*g=u ‘BurTes
TewIou Mg B/TW | Y3TM UOTSNJUT SI3BOTPUT ANITVS °Z=u ‘g urxymi1od Mg by/buw g°Z yitm uors
-nJUuT S23eOTPUT dd °G=u ‘urxtTwitod Mg b3/Pbw g°Z yatm ATsnosuelTnuis urxojopus Mmd by/br |
Y3TM UOTSNJIUT S93BDTPUT €4-OANE °*G=U ‘urxojopud Md by/Brl | Y3aym uoTsnjur S°3EOTPUT

OONE °*bH wm ut ‘g ‘sonTea uorsnjur-aid wox3y aanssaxd poolq Tetraajzxe Axeuowtnd uy sabueyd

6 INDIA



56

uoIsnju| - }sod SINOH
1% € ¢ _

............................... ® ..’”.........‘.
l.....

ANIYS ——

Ad eseceee :
8d-0QNT e
OQN3 =

6 NOIJ

S d

T

lO—l

20

Ol

bHww
9inssaid
|DlB3LIY
AJpouowing



57

TABLE 7. Statistical comparisons between means of pulmonary
arterial blood pressure (mm Hg).

Endotoxin

pre-inf. 4 hr. 2 hr. 3 hr. 30 min. 1 hr. 15 min. 10 min.
25 30 33 33 35 35 42 58

Endotoxin plus Polymixin B

3 hr. 4 hr. pre-inf. 2 hr. 1 hr. 30 min. 15 min. 50 min.
18 19 20 20 30 33 33 33

(Means underscored by the same line are not significantly different at
the 0.05 level.)

There was no significant difference in mean pulmonary arterial blood
pressure throughout the experiments for the polymixin B treated or the
saline treated ponies. The mean pressures were both 21 mm Hg.

Coefficients of variability - mean pulmonary arterial blood pressure

CVENDO = 19%
CVENDO+PB = 24%
CVPB = 8%
CVgar 10%
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17 L/min for the polymixin B group, and 18 L/min for the saline group.
The coefficients of variability show only mild heterogeneity: CVgypo =
108, CVgnpo+pB = 7%+ CVpg = 5%, CVgar = 3%.

The total peripheral vascular resistance of all of the endotoxin
treated ponies abruptly increased 10 minutes after infusion (Figure 10,
Table 9). This 10 minute mean was not significantly different from the
pre-treatment mean, but it was signific<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>