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E ndotoxemia and septicemia doubtlessly are ex-
ceptionally important diseases affecting
horses. Conditions causing endotoxemia in adult
horses and septicemia in neonatal foals are associ-
ated with a high frequency of complications, and a
poor prognosis for survival unless heroic therapeu-
tic measures are undertaken early in the disease
process. Despite these unfavorable characteristics,
endotoxemia and septicemia are not uniformly fa-
tal, and affected horses can be returned to useful
and productive lives. The purpose of this review is
to discuss the pathogenesis of endotoxemia and
septicemia, to indicate how the results of selected
experimental studies have altered the treatment of
these conditions, and to indicate in what direction
current research efforts may be leading in the near
future.

Septicemia

Septicemia refers to the host systemic re-
sponse that accompanies disseminated microbial
infection.! The interactions of microbial products
with the host inflammatory and immune systems
result in a wide array of pathophysiologic reactions,
the most severe of which culminate in septic
shock.? This systemic response differentiates sep-
tic animals from those with only infection or bac-
teremia. The pathogenesis of septicemia begins
with a nidus of infection from which microorgan-
isms invade the bloodstream, or proliferate and re-
lease large amounts of various endogenous media-
tors. The pathogenicity of the particular bacteria,
the number of infective organisms, and the innate
host immunocompetence determine whether sep-
ticemia, metastatic infection, or both result. Gram-
negative bacteria are the most common causes of
septicemia in adult human beings,> as well as in
other animals!®-!?; the gastrointestinal (GI) tract
serves as an endogenous reservoir of infective or-
ganisms. Enteric bacteria are not generally primary
pathogens, but may cause disease when they
escape from their usual G1 habitat. Direct intestinal
penetration by surgical, traumatic, or spontaneous
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rupture spills ingesta into the peritoneal cavity or
open wounds. Intestinal microbes easily colonize
the genitourinary or biliary tracts when the normal
defense mechanisms of the latter have been com-
promised. Use of respiratory-therapy equipment,
v catheters, and other invasive instrumentation
can easily result in gram-negative bacterial infec-
tions.*® Small ulcerations of the Gi tract are thought
to be common sources of gram-negative bactere-
mia in animals that are immunosuppressed.

Many structural components of microorgan-
isms can induce adverse host responses; however,
the lipopolysaccharide (Lps) component, also called
endotoxin, in the outer membrane of gram-nega-
tive bacteria has been considered as the most po-
tent initiating mediator of septicemia and septic
shock.>81310 The clinical syndrome of septicemia
leading to septic shock can be reproduced by 1v in-
fusion of g endotoxin in animals, including
horses, 728 as well as in human beings.?*2?% Ad-
ditionally, plasma endotoxin concentration is high
in patients during early phases of septic shock, and
generally is correlated with the severity of subse-
quent disease.’! Some investigators have suggested
that endotoxin is not the universal mediator of
septic shock, because analogous cardiovascular
changes can be induced by gram-positive bacte-
ria.!>3? Endotoxin seems sufficient to induce the
syndrome of septic shock, and Lps seems to be one
of several bacterial products that can be used to re-
produce the disease.

A vast array of mediators have been impli-
cated in causing the final common pathway of tis-
sue injury and death resulting from septice-
mia.>1>2%32.3%35 Tumor necrosis factor (INF), a
small polypeptide cytokine produced by activated
macrophages, has been suggested to be an impor-
tant proximal mediator in the pathogenesis of sep-
ticemia.?*->® Not only are serum concentrations of
TNFincreased during experimentally induced gram-
negative septicemia®* as well as in naturally occur-
ring cases of gram-negative bacterial sepsis,?**
but administration of TNF reproduces the clinical
and pathologic changes that develop during septi-
cemia.*®47 Increased serum concentrations of TNF
are associated with poor prognosis and death in
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human beings and horses with gram-negative
bacterial septicemia?®-*2:454849 and, most impor-
tant, treatment with antibodies to TNF has im-
proved survival rate from experimentally induced
endotoxemia®® and gram-negative bacterial sep-
ticemia.’!">> During septicemia, TNF induces
the synthesis and/or release of other host-de-
rived mediators, such as interleukin-1, eicosa-
noids, procoagulant activity, platelet-activating
factor, and oxygen-derived free radicals, that prop-

agate the ?otentially lethal host systemic re-
sponse. 2:2426:34.35,37:44,54-56

Clinical signs of septicemia—The early clinical
signs of septicemia in horses can be subtle, yet
rapidly progressive. Especially in neonates, local-
izing signs of illness may not be detected; severe
disease often exists before any clinical signs are
observed.!1>7:38 Septic shock may result in rapid
death attributable to shock-induced hypoperfusion
of the kidneys, liver, cns, and heart, leading to
multiple-system organ dysfunction. Slight lethargy
with weakened suckle reflex or diminished appe-
tite are often the initial signs of septicemia in foals.
Increased time spent in lateral recumbency, dis-
tention of the dam’s mammary glands, or milk
stains on the foal’s face subsequent to poor suck-
ling attempts are common signs. Body temperature
can be normal, high, or low. Heart rate is usually
high, and is determined by the severity of circula-
tory insufficiency. Tachypnea, respiratory distress,
or periods of apnea are not uncommon, especially
in foals with pneumonia. The mucous membranes
often have a “‘toxic” line rimming the incisors, or
may be congested, pale, cyanotic, or mottled, de-
pending on the severity and stage of the disease
process. Capillary refill time often is prolonged,
and petechiae may be seen in the mouth, sclerae,
vulva, pinnae, or coronary band regions of foals.
Scleral congestion is common. Abnormal behavior,
rigidity, opisthotonos, and seizures may develop
from hypoglycemia or hypoxia. Ileus, abdominal
distention, anuria, colic, laminitis, and diarrhea
also may develop.

If the animal does not die of acute septic shock,
localized infections often develop in one or several
body systems. In foals, primary foci of infection are
common in the lungs, umbilicus, or aI tract,
because these are common portals for bacterial in-
vasion of the body.!!:>7 Infection of the umbilical
vessels or urachus often is clinically occult and may
not ISJBe recognized without ultrasound examina-
tion.

Septic arthritis and osteomyelitis are common
sequelae to septicemia in foals, and these condi-
tions may appear in foals that have not had appar-
ent systemic illnesses.’*%* Sudden onset of lame-
ness, synovial distention, or periarticular edema
are common initial signs. Proximal limb joints are
as frequently affected as the distal joints and are not
easily examined without extensive manipulation or

arthrocentesis. Multiple-joint involvement is not
uncommon.

Meningitis, caused by hematogenous dissem-
ination of bacteria to the cNs, may arise during the
initial stage of sepsis or from a focal infection such
as omphalitis or pneumonia.®*%° Clinical signs of
meningitis progress rapidly from lethargy to ataxia,
obtundation, blindness, recumbency, and seizures.
These signs are difficult to distinguish from those
caused by cerebral disease attributable to hypoxia,
hypoglycemia, or both; therefore, examination of
CSF in such cases may be indicated. Other clinical
signs of septicemia may develop subsequent to
uveitis, nephritis, hepatitis, pleuritis, or pericardi-
tis. Even after focal infections have been estab-
lished, bacteremia may recur, with signs of overt
septicemia or shock-induced organ failure (eg,
azotemia, hemorrhage, ileus, cardiac failure).

Pathogenesis of septicemia—In horses, septice-
mia is most common in neonates and is often as-
sociated with failure of passive transfer of immu-
noglobulins.!127:63.66 Pla(t®7 has estimated that a
third of the deaths in Thoroughbred foals <3
months old are attributable to septicemia. Of all
acquired diseases of neonatal foals, septicemia is
the most prevalent and is attended by the lowest
survival rate.!2:98.69 Although infections can be ac-
quired in utero or during parturition, foals develop
septicemia most commonly during the early neo-
natal period.””9>7% Poor health of the dam,”!
inadequate nutrition during pregnancy, uterine-
placental derangement,’? or any cause of prema-
ture labor”> may result in the birth of a weak foal
that is more susceptible to infection by ubiquitous
opportunistic pathogens. However, even strong
foals produced during normal pregnancies in
healthy mares are susceptible to sepsis, particularly
when predisposed by poor management, neonatal
stress, or immunodeficiency.!!7#76 Bacteria can
access the foal’s body through the umbilicus, G
tract, or respiratory tract, and the portal of entry
usually cannot be determined. Overcrowding, poor
sanitation or ventilation, excessive use of antimi-
crobial agents, inadequate umbilical care, and
other unhealthy management practices favor in-
fection of equine neonates with bacteria from the
environment. Neonatal stress imposed by dystocia,
premature placental separation, premature rupture
of the fetal membranes, crowding, or excessive
human intervention may increase plasma cortico-
steroid concentration and depress the neonatal
immune response.”’"®

Failure of passive transfer (FpT) of colostral an-
tibodies during the first 24 hours of life is associ-
ated with increased risk of infection and death in
neonatal foals.!!7>7%7 Although equine neonates
are immunocompetent at birth, they are born hy-
pogammaglobulinemic and rely entirely on ab-
sorption of colostral immunoglobulins for imme-
diate resistance to infections.”®8%-83 Causes of FpT
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include failure to ingest an adequate quantity of
colostrum in the first 6 hours after birth, inadequate
concentration of immunoglobulins in ingested co-
lostrum, and failure to absorb colostral immuno-
globulins 818386 Premature lactation constitutes
the likely cause of many cases of Fp1,”*83 because
colostrum is formed only once, late in each gesta-
tional period.8® Premature foals usually are af-
fected, because they are born before the dam pro-
duces colostrum. Neonatal weakness, congenital
abnormalities, and maternal noncooperation may
prevent ingestion of an adequate quantity of colos-
trum in the critical first hours. Failure of mares to
produce good-quality colostrum after a full-term
pregnancy has a role in FpT, although reasons for
the inability of mares to transfer immunoglobulins
from blood to colostrum are ill-defined.8%87 Fi-
nally, some foals apparently absorb immunoglob-
ulins poorly from colostrum, and high concentra-
tions of endogenous glucocorticoids induced by
stress may hasten replacement of the specialized
absorptive intestinal cells by mature epitheli-
um 848889 To avert septicemia, neonatal foals with
FPT should be rapidly identified and plasma should
be administered. Efforts to developaccurate screen-
ing tests for Fpr8+86.90-9 an{ (o effectively admin-
ister treatment®?"1%! have been intense during the
past 15 years. Despite these efforts, the occurrence
of septicemia in neonatal foals has not changed
appreciably. In one study,'%? serum IgG concen-
tration in 132 Standardbred foals at 48 hours of age
was not related to prevalence or severity of illness
during the neonatal period. Likewise, retrospective
analysis of 419 foals during 3 foaling seasons on a
commercial stud farm revealed that 90-day survival
rates were not substantially different for hypogam-
maglobulinemic and normoglobulinemic foals.!%3
Infected foals that have hypogammaglobulinemia
originally may have had normal serum IgG con-
centration, which subsequently decreased because
of utilization during illness.!** Serum immunoglo-
bulin concentration thus is only one component of
foals’ complex immune system, and hypogamma-
globulinemia does not always lead to infection and
death. Similarly, overwhelming sepsis can develop
in foals that purportedly receive adequate passive
transfer, and normal serum immunoglobulin con-
centration is not equivalent to immunity. Farm
management practices that maximize preparturi-
ent exposure of mares to the farm’s indigenous
population of microorganisms, reduce abrupt in-
troduction of new pathogens, and minimize accu-
mulation of potential pathogens caused by over-
crowding may be just as important as adequate
passive immunoglobulin transfer.

Gram-negative bacteria constitute the ma-
jor cause of septicemia in neonatal
foals.11:12:63,73,105,106 T 5 study involving 47 sep-
ticemic foals, gram-negative organisms were iso-
lated from all foals, and mixed infections were de-
tected in 55%.'2 By far the most commonly isolated

pathogen is Escherichia coli, followed by Actinoba-
cillus spp and Klebsiella pneumoniae.!-12:63 Strep-
tococcus spp and other gram-positive bacteria are
isolated infrequently from septicemic foals and are
usually accompanied by gram-negative organisms.
These data provide support for the concept that
much of the morbidity associated with septicemia
in neonatal foals may be attributable to endotox-
in.107

Compared with foals, adult horses are rela-
tively resistant to sepsis. In adult horses, sepsis
usually develops only if there is overwhelming dis-
semination of pathogenic bacteria or compromise
of the mononuclear phagocyte system. Sepsis has
been reported in adult horses that received con-
taminated amino acid solutions 1v.1%8.19% Causative
agents were gram-negative bacteria of the family
Enterobacteriaceae (Serratia marcescens and K
oxytoca), which have an extraordinary ability to
proliferate in solutions formulated for 1v adminis-
tration.!'® Contamination during compounding, a
defective bottle seal, and damage during shipping
and handling are ways by which environmental
gram-negative organisms can gain entry to infusion
solutions. Sepsis also has been reported in adult
horses subsequent to abscess rupture within a body
cavity!!! or via breach of the I tract mucosa.!12113

Because gram-negative bacteria and their Lps
are normal constituents of the intestinal tract in
horses,!1* they may gain access to the peritoneal
cavity and blood when the integrity of the intes-
tinal mucosa becomes markedly compromis-
ed by ischemia,!!>118 ulceration,!!? or inflamma-
tion.'19121 Even with normal function of the
intestinal wall, small quantities of endotoxins rou-
tinely are found in portal venous blood!?%; how-
ever, most are removed by hepatic Kupffer’s cells
before reaching the peripheral circulation.!*> Im-
paired activity of the hepatic mononuclear phago-
cyte system caused by acute or chronic hepatic
disease is accompanied by systemic endotox-
emia.'?* Despite documentation of endotoxemia
with a1 tract disorders that alter mucosal integri-
ty, 118119 gram-negative bacterial septicemia re-
mains rare in adult horses. In affected horses, a
combination of mucosal barrier failure and exhaus-
tion of hepatic phagocytic capacity seemingly must
occur to allow microorganisms to escape into the
circulation.

Development of septicemia subsequent to fo-
cal infection in other parts of the body also is ap-
parently rare in adult horses. Erysipelothrix rhusio-
pathiae has been isolated from antemortem blood
and postmortem lung tissue of a 5-year-old horse
with pleuropneumonia, laminitis, and uveitis. 125
Although a source of immunosuppression was not
identified, the infrequency of infection with Er
rhusiopathiae in horses suggests that altered im-
mune function played a role in the infection in this
horse. In one report,'?® anaerobic bacterial septi-
cemia in association with anaerobic bacterial pneu-
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monia was described in 2 adult horses. In human
beings, the respiratory tract is a common portal of
entry for anaerobes causing bacteremia.!#7:128 Al-
though anaerobic organisms commonly are iso-
lated along with aerobic bacterial pathogens from
tracheal aspirates and pleural effusions of horses
with pleuropneumonia,'?? anaerobic septicemia is
apparently rare.

The reaction to a septic insult has been divided
into 3 stages: inflammatory, coagulopathic, and
cell-injury.’3® The most severe consequence of
septicemia is the development of septic shock,
which is associated with coagulopathy, vasomotor
collapse, organ failure, and death. Unlike other
categories of shock, septic shock is characterized
by decreased systemic vascular resistance and
generalized maldistribution of tissue blood
flow.833131 Deficient capillary perfusion with re-
sultant tissue hypoxia is caused by a combination
of arteriolar vasoconstriction, arteriovenous shunt-
ing, and capillary obstruction by microthrombi.!*2
Endotoxin induces hemostatic dysfunction by a
number of mechanisms!*!32 that ultimately cul-
minate in disseminated intravascular coagula-
tion.*®133 The coagulopathy that accompanies
septic shock may be an essential pathogenetic
component, because the natural anticoagulants
protein C and antithrombin III have been shown to
prevent death in experimentally induced sep-
sis.1>*135 Abnormalities in left ventricular perfor-
mance also have been identified during septic
shock in human beings and dogs, but the patho-
genesis of this depressed myocardial performance
remains ill-defined.?>130-13% Nonsurvivors develop
unresponsive hypotension and progressive multi-
ple-organ-system dysfunction.

Experimentally induced septicemia in horses—
Sembrat et al'**1*2 have described septicemia in
ponies induced by 1v injection of live E coli type B
organisms. The cardiovascular and metabolic re-
sponses to lethal gram-negative bacterial sepsis
were similar to those described in other mamma-
lian species. Septicemia is 1 of 4 recognized syn-
dromes that follows oral inoculation with Salmonella
spp in horses!*1%%; this septicemia develops with
or without concurrent or impending diarrhea and
appears clinically like experimentally induced en-
dotoxemia in horses.

Diagnosis of septicemia—Because of the sever-
ity and rapid progression of septicemia, especially
in equine neonates, early diagnosis followed by
appropriate treatment is of importance for a favor-
able outcome. The initial clinical indicators of sep-
sis are vague and nonspecific, accounting for many
delays in detection and treatment. To accurately
and promptly identify septicemic horses, septice-
mia should be considered as a cause of clinical signs
in equine patients at risk. Weak or otherwise
abnormal neonatal foals should be regarded as
likely candidates for sepsis, until proven otherwise.

Identification of pathogens on bacterial culturing of
blood samples (positive blood culture) is the only
definitive antemortem proof of bacteremia; how-
ever, at least 24 hours is required for preliminary
results, and less than half of human patients with
septic shock or sepsis have positive blood cul-
tures.'*> Similar results have been obtained in
clinical studies involving equine patients with pre-
sumed septicemia.!197 Bacteremia may be tran-
sient or only intermittent after organisms have lo-
calized in tissues; thus, multiple attempts at cul-
turing may be required to definitively diagnose
bacteremia.}*® In low-concentration bacteremia,
there is a direct correlation between blood sample
volume and bacterial culture yield.!*” Previous an-
timicrobial treatment may increase the chance of
finding no growth on bacterial culturing of blood
samples from bacteremic horses (false-negative
blood cultures),®1#8:149 but studies in foals have not
documented an advantage of prior incubation of
blood in an antimicrobial-removal device in bacte-
rial culturing.’® The prevalence of false-negative
blood cultures in horses with septicemia is un-
known, but is likely to be at least 25%. Positive
blood cultures from horses without bacteremia are
generally attributable to contaminants from the
skin of the patient or operator, and the frequency
of such results may reach 10% in some situations.
Although increasing the number of attempts at
culturing would increase the specificity of the pro-
cedure, the cost efficacy of this in horses has yet to
be proven. Specimens of urine, CsF, or body cavity
exudates may yield the causative agent in some in-
stances. After the existence of a focal infection has
been established, appropriate specimens (eg, tra-
cheal wash, joint fluid) should be collected asepti-
cally for bacterial culture, because successful treat-
ment of septicemia often depends on isolating the
causative organism(s) and determining antimicro-
bial susceptibility. Antimicrobials should not be
withheld pending results of culturing.

Indicators of sepsis from results of laboratory
analysis in neonatal foals include toxic changes in
neutrophils (eg, leukocyte inclusions, toxic granu-
lation, cytoplasmic basophilia), increased band
neutrophil count, and increased band/total neu-
trophil ratio.”®!3° A large proportion of foals with
septicemia have hypoglycemia, arterial hypox-
emia, and metabolic acidosis. Sepsis cannot be di-
agnosed accurately on the basis of a single variable;
thus, a scoring system to predict the likelihood of
sepsis in equine neonates has been developed that
involves selected clinical examination findings,
laboratory data, and perinatal historical facts.'>!
Variables to be included were determined by ret-
rospective and prospective analyses of data from
foals that were proven by bacterial culturing to have
disseminated or focal sepsis. The most useful items
incorporated into the scoring system were neutro-
phil count; band neutrophil count; toxic neutrophil
changes; concentrations of fibrinogen and glucose
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in blood, and of IgG in serum; petechiae or scleral
injection; body temperature; lethargy or other ab-
normal mentation; signs of focal infection (eg,
swollen joints, respiratory distress); dystocia or
abnormal vulvar discharge in the dam; and prema-
turity.”® The accuracy of this scoring system has
been supported by computer analysis.!?* This sys-
tem has been reported to be a better predictor of
sepsis than any single variable and to predict cor-
rectly the existence of sepsis approximately 90% of
the time. The developers of this system cautioned
that the score should be used only as a diagnostic
aid. If a foal is considered likely to have an infec-
tion, treatment for sepsis should be instituted, and
further assessments performed. Similar analysis of
diagnostic criteria has not been performed in adult
horses.

Treatment of septicemia—The obvious main-
stay of treatment for septicemia involves antimi-
crobials; however, physiologic support must be
provided concomitantly and is often necessary
prior to instituting antimicrobial treatment to main-
tain life.® The primary aim of physiologic support
is to restore adequate tissue perfusion. Intravenous
administration of fluids should be instituted at the
maximal rate tolerated by the horse as soon as
possible. The type of fluids depends on the horse
and can be tailored to correct electrolyte or acid/
base imbalances after laboratory data become
available. Because septic neonatal foals are often
hypoglycemic, 5% dextrose solution or 2.5% dex-
trose in half-strength lactated Ringer’s or sodium
chloride solution are appropriate first choices for v
administration. Isotonic crystalloid solutions, such
as lactated or acetated Ringer’s, are generally ad-
equate for septic adults. The initial rate of fluid
administration is determined by the degree of de-
hydration and the severity of cardiovascular com-
promise. A flow rate of 20 ml/kg/h of body weight
may be used to treat severe septic shock, but the
rate should be decreased as soon as possible.!”?
Immature or severely compromised foals may have
difficulty excreting excess fluids, which can cause
respiratory distress from pulmonary edema. Half of
the estimated volume of necessary fluids may be
replaced in the first 6 hours, with the remainder
given over the next 12 hours. Deficits of specific
ions, such as bicarbonate and potassium, should be
corrected at the same rate by addition of electro-
lytes to the fluids. Mild to moderate acidosis may
be corrected by volume expansion alone. If urine
flow is not established within 2 hours after initia-
tion of 1v administration of fluids, 1v administration
of dopamine at a rate of 2 to 5 ug/kg/min is indi-
cated to enhance renal perfusion and improve car-
diovascular status.®1*

Because sepsis can progress at an alarming
rate, especially in foals, antimicrobial treatment
should be instituted without delay. Blood for
culture should be obtained prior to administration

of antimicrobials, but the latter should not be de-
layed to collect multiple samples or to await results.
Because infection with gram-negative bacteria is
common'!!? and often more than 1 organism is
involved,'? treatment with broad-spectrum anti-
microbials should be initiated. With horses of
questionable or compromised immune status (eg,
foals), the chosen drugs should be bactericidal. In
general, penicillin and an aminoglycoside are an
optimal antimicrobial combination. Gentamicin
remains effective for treatment of uncomplicated
infections in field conditions; however, amikacin is
preferred when infections with resistant gram-
negative bacteria develop in referral hospitals.®”
Resistant bacteria may develop in any foal under-
going treatment and premature or colostrum-
deprived foals are at greatest risk for this compli-
cation. When possible, blood concentrations of
aminoglycosides should be monitored to ensure
therapeutic and nontoxic concentrations. Sick
horses have erratic and unpredictable pharmaco-
kinetics of aminoglycosides, even when renal func-
tion is normal.!>> Nephrotoxicosis is the most se-
vere potential adverse effect of aminoglycoside use;
the prevalence of this problem in human beings is
minimized by individualizing dosages to achieve
minimum daily blood concentrations of < 2 ug/ml
for gentamicin and < 5 pg/ml for amikacin. Effec-
tive peak concentrations of gentamicin and amika-
cin in horses are approximately 10 and 25 ug/ml,
respectively.®®1%® The duration of antimicrobial
treatment is determined by the severity of localized
infections. A minimum of 10 days is suggested, and
treatment often must be extended several weeks,
until the wsc count and plasma fibrinogen are nor-
mal and all clinical abnormalities have resolved.
Obvious sources of reinfection should be eradi-
cated.

Foals with laboratory evidence of FPT require a
plasma transfusion. Because of the catabolic effects
of sepsis, affected foals generally need plasma de-
spite adequate initial immunoglobulin concentra-
tions. Continued catabolism of 1gG in septic foals
may necessitate repeated plasma transfusions to
maintain adequate values of IgG. Controlled stud-
ies of the effects of plasma administration in adult
horses with sepsis have not been done, but numer-
ous lines of evidence suggest that this form of
treatment may be useful.!>” Commercially avail-
able plasma lacks equine isoantibodies and is safe
for use without crossmatching. If a local donor is
sought, an adult horse that lacks isoantibodies to
isoantigens Aa and Qa is optimal.

Attentive nursing care is of importance and
may mean the difference between life and death.
Supplying adequate nutrition, warmth, and venti-
lation; preventing urine and fecal scalds and decu-
bitus ulcers; disinfecting the umbilicus (foals); and
keeping the 1v catheter patent and venipuncture
site clean are all important to the long-term health
of equine patients.
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Several adjunct treatments have been sug-
gested from results of clinical trials in human be-
ings and experiments in animals. High-dose corti-
costeroid treatment has been used for years in
human beings with septic shock. Although benefits
from the use of corticosteroids in human patients
with sepsis have been shown in some clinical stud-
ies, 78159 high-dose glucocorticoid treatment early
in severe sepsis neither improved outcome nor
prevented or reversed pulmonary complications in
recent controlled studies.!*:160-162 Complications
from infections were found more frequently in the
steroid-treated human patients.

Nonsteroidal anti-inflammatory drugs that in-
hibit arachidonic acid metabolism have been ben-
eficial as adjunct treatments in experimentally in-
duced septic shock in other species.!®>165 On the
basis of favorable results from use of flunixin
meglumine to treat endotoxemia in horses, 726 this
and other drugs with similar activity would be ex-
pected to be beneficial in treatment of septicemia
in horses.

Exciting results have been obtained from a re-
cent approach to treatment of gram-negative bac-
teremia involving use of passive immunotherapy
against endotoxin. Administration of human an-
tiserum to the common core structures of Lps has
been shown to substantially reduce mortality in
patients with gram-negative bacteremia.'® Like-
wise, treatment with plasma containing antibodies
to Lps core antigens has been reported to lower
mortality in horses with acute toxic enteritis or in-
testinal strangulation/obstruction.'®” Results from
other studies have not supported the efficacy of
antiserum to LPS core antigens, and reduced mor-
tality was not found with use of antiserum.!6816°
Treatment with antiserum to core Lps antigens did
not affect the course of experimentally induced
endotoxemia in adult horses,?” nor was similar an-
tiserum of therapeutic benefit in foals with pre-
sumed septicemia.'®? Various causes for these di-
vergent results have been proposed.!7%-172
Treatment aimed at the mediators of sepsis cur-
rently is being studied, and treatment of experi-
mentally induced septicemia in animals with anti-
bodies to TNF>!22 or other mediators!”> has been
beneficial.

Prognosis for septicemia—The overall progno-
sis for septicemia in horses depends on a large
number of factors that include the dose and patho-
genicity of the infective organism, the innate host
defense mechanisms, the timeliness of diagnosis,
and the institution of appropriate treatment. De-
pending on the definition of sepsis in the study,
death rates of septic foals have ranged from 25 to
50%.11:12:58.68 Syurvival of adult horses with septi-
cemia may be greater, but too few cases are avail-
able for accurate assessment. Clearly, measures to
prevent the development of septicemia in newborn
foals should be emphasized, because outcome of
treatment is less than optimal.

Endotoxins and Endotoxemia

Endotoxins refer to the Lps components of the
outer cell wall of gram-negative bacteria.!* Endo-
toxins, which are major factors in the pathogenic-
ity of these organisms, are released during periods
of rapid bacterial growth or on lysis of the bacteria.
Endotoxins are heat stable and exist throughout the
intestinal tract. These toxins also have been termed
endotoxic 1ps and phospholipopolysaccharides;
these names refer to the chemical structure of en-
dotoxins, which is composed of an inner hydro-
phobic lipid A, a core oligosaccharide, and an outer
O-specific polysaccharide. The O-polysaccharide
portion of the complex is composed of repeating
oligosaccharides and differs according to the spe-
cies of the bacterium. Thus, this portion of the
complex confers the serologic identity of the par-
ticular bacterial strain. These outer portions of en-
dotoxin are synthesized with and attached to the
deeper core oligosaccharide. In contrast to the
O-polysaccharide portion, the core oligosaccha-
ride section of Lps is fairly well conserved among
various bacterial species. The core oligosaccharide
is synthesized from the lipid A portion. Enzymatic
defects in the synthesis of the core region prohibit
synthesis of an intact endotoxin complex. These
enzymatic failures account for the “‘rough” bacte-
rial mutants that are vital to the development of
cross-reactive antiendotoxin antibodies. 0 Finally,
the inner lipid A region is similar among bacterial
species. Lipid A is the toxic portion of endotoxin
and interacts with target cells in the host to initiate
a complex series of cardiovascular and metabolic
effects collectively referred to as endotoxic shock.

The G1 tract normally has large amounts of en-
dotoxins; cecal contents of healthy horses have
been reported to contain as much as 80 ug of en-
dotoxin/ml.''* Consequently, the host must de-
pend on mechanisms that prevent or limit the
transmural movement of these substances into the
bloodstream. The most widely recognized barriers
to the movement of bacteria and their endotoxins
are the resident bacteria, the mucosal epithelial
cells, and the secretions from the epithelial cells.
These factors work in concert to provide an
efficient mechanism to restrict endotoxins to the
intestinal lumen. If, however, endotoxins traverse
the mucosal barrier and enter the venous effluent
from the intestines, other fail-safe mechanisms
such as hepatic Kupffer’s cells and circulating an-
tiendotoxin antibodies minimize the distribution of
these substances throughout the body. Conse-
quently, although endotoxin has been detected in
the portal blood of clinically normal individuals, it
rarely enters the systemic circulation in detectable
amounts under normal circumstances.

If the blood supply to the intestines or even to
the mucosa itself is reduced, the barrier function of
the mucosa may be lost. Endotoxin traverses the
intestinal wall under these circumstances and en-
ters the mesenteric venous system, the lymphatics,
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or the peritoneal cavity. Once endotoxin enters the
systemic circulation, it binds to an acute-phase re-
actant protein known as Lps-binding protein. The
complex of Lps and Lps-binding protein interacts in
turn with a protein receptor complex on the surface
of mononuclear cells!”* and perturbs these cells to
synthesize numerous inflammatory mediators such
as TNF and interleukins.? If unchecked, these me-
diators participate causally in multiple-system-or-
gan failure and death of the host. In horses, endo-
toxemia has an important role in clinical problems
such as peritonitis, pleuritis, metritis, pneumonia,
and intestinal ischemia caused by intestinal volvu-
lus or incarceration.

Experimental and clinical studies—To our
knowledge, the first report of experimentally in-
duced endotoxemiain a horse appeared in 1965.17°
Because the descriptions of the clinical signs and
hematologic findings in this study closely paral-
leled those reported for severe colitis in horses, in-
terest in pursuing this line of study increased. Over
the ensuing years, several studies were performed
to assess the effects of endotoxemia in conscious
and anesthetized ponies. In these studies,'*%? the
administration of endotoxin at dosages of 20 to 200
ng/kg caused acidosis, fever, hypotension, hemo-
concentration, and neutropenia. These studies
were followed by a series of experiments in which
the effects of sublethal dosages of endotoxin, gen-
erally 10 ug/kg, were evaluated in conscious ponies
and horses; the lower dose of endotoxin caused ar-
terial hypoxemia, lactic acidosis, pulmonary hy-
pertension, systemic hypotension, and leukope-
nia.?

In studies in which commercially available
nonsteroidal anti-inflammatory drugs were used to
inhibit the action of the cyclooxygenase enzyme
system on arachidonic acid, many of the early ef-
fects of endotoxin were shown to be mediated by
metabolites of arachidonic acid.!”!8:2¢ These re-
sults substantially altered the treatment of horses
with clinical endotoxemia. Although one might
have presumed that all nonsteroidal anti-inflam-
matory drugs would have the same effect, there was
considerable clinical and experimental evidence
that this was not the case. In our opinion, the most
efficacious of these compounds at the dosages
tested was flunixin meglumine. Because of the
concern that the effectiveness of this drug was
masking clinical signs of endotoxemia and thereby
impeding veterinarians’ ability to identify horses
with intestinal problems requiring surgical inter-
vention, studies were performed in which flunixin
meglumine, in dosages as low as 0.25 mg/kg, was
found to inhibit cyclooxygenase activity without
masking the physical manifestations of endotox-
emia required for an accurate clinical evaluation of
a horse’s status.!7°

At approximately the same time, several labo-
ratories developed the radioimmunoassay tech-
niques required to quantitate metabolites of arachi-

donic acid in equine plasma.'®176:177 On the basis
of the results of these studies, it became apparent
that the early vasoconstrictive responses to endo-
toxemia were mediated by thromboxane A, and
that the later hypotension was associated with in-
creased synthesis of prostacyclin. The results of a
study in which a thromboxane-synthetase inhibitor
was used in adult horses, however, were less than
encouraging.!’” Although the drug effectively pre-
vented the generation of thromboxane in response
to endotoxin administration, clinical signs in the
horses were not attenuated.

Over the past decade, greater emphasis has
been placed on determining the effects of more
physiologic doses of endotoxin and on improving
methods of treatment. Consequently, the doses of
endotoxin used in these studies have decreased to
those which do not initiate severe endotoxic shock.
Forinstance, 1v infusion of endotoxin at cumulative
dosages of 30 to 100 ng/kg dramatically reduced
intestinal blood flow and caused cessation of intes-
tinal muscular activitg without changing systemic
hemodynamics.!7817 Results of these studies in-
dicated that intestinal vasoconstriction likely was
responsible for the reduction in intestinal perfu-
sion, and that the inhibitory effects on intestinal
motility were attributable to prostaglandin E,.

The importance of endotoxemia in early fetal
loss was underscored by a series of studies per-
formed on pregnant mares. Intravenous adminis-
tration of endotoxin caused a biphasic increase in
plasma concentrations of the stable metabolite of
prostaglandin F,, a regression of the corpus lu-
teum, a reduction of plasma progesterone concen-
trations, and abortion.'®® Furthermore, treatment
of mares with flunixin meglumine!®® prior to
administration of endotoxin or daily administra-
tion of altrenogest prevented pregnancy loss.!8!

Using in vitro techniques, investigators have
determined that isolated equine vascular endothe-
lial cells produce prostacyclin in response to low
concentrations of endotoxin. In contrast, high
concentrations of endotoxin were required to
stimulate neutrophils to synthesize leukotrienes. 82
The effects of endotoxin on equine vascular endot-
helial cells were exacerbated when freshly isolated
neutrophils were present, suggesting that stimula-
tion of neutrophils by endotoxin may result in re-
lease of cytotoxic substances that cause vacuolation
of endothelial cells.!®?

Because there is considerable evidence that
endotoxin traverses the damaged intestinal wall
and moves into the peritoneal cavity, several
studies have been performed to assess the response
of equine peritoneal macrophages to endotoxin.
The results of these studies are suggestive of these
cells likely serving as a major source of prostacyclin
and thromboxane A, during endotoxemia associ-
ated with intestinal ischemia.!®* Because of evi-
dence indicating that prostacyclin may be protec-
tive in circulatory shock, studies have been
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performed to evaluate drugs, such as proadifen
hydrochloride, that are purported to selectively
enhance the synthesis of this arachidonic acid
metabolite. The results of one such study of
equine peritoneal macrophages indicate that the
synthesis of prostacyclin can be enhanced over
that of thromboxane, but that this enhancement is
not found in response to endotoxin.'®> Because
of evidence that endotoxin causes target cells to
synthesize and release lipid mediators other than
eicosanoids, platelet-activating factor has been
studied and found to stimulate the synthesis of
thromboxane by equine peritoneal macro-
phages. 86

As additional evidence that cells of the mono-
nuclear phagocyte lineage are involved in the
responses to endotoxemia, equine peritoneal mac-
rophages recently have been shown to synthesize
and release TNF in response to endotoxin.!®’
Results of in vivo studies of endotoxemia have re-
vealed that TNF activity increases dramatically in
the serum of horses.!®® Furthermore, blood mono-
cytes have been shown to synthesize thromboplas-
tin in response to exposure to endotoxin.'® This
procoagulant activity is unique to monocytes and
results in stimulation of the extrinsic coagulation
pathway. The clinical relevance of this response
has been exemplified by the recent discovery that
monocytes isolated from horses with naturally oc-
curring colic and endotoxemia express consider-
ably more procoagulant activity than do cells from
healthy horses.'®" Similarly, foals with septice-
mia*’ and horses with signs of abdominal pain have
increased TNF activity in their sera.!®!

In clinical studies of horses with colic, endo-
toxin was detected in the circulation of approxi-
mately 25% of affected horses.!1120 Because en-
dotoxin is cleared from the horses’ circulation with
a half-life of <2 minutes, these findings clearly
underestimate the prevalence of endotoxemia in
horses with colic.!'® Endotoxin also has been de-
tected in the plasma of racehorses immediately af-
ter races'?? and in 85% of horses subjected to car-
bohydrate overload-induced laminitis.!">

Treatment of endotoxemia—Treatment of en-
dotoxemia presently involves methods directed
toward correcting the underlying condition, coun-
teracting the effects of mediators synthesized in
response to endotoxin, and neutralizing endotoxin
itself. The horse’s cardiovascular status requires
prompt attention, and 1v administration of fluids or
plasma should be instituted on the basis of labora-
tory findings and results of physical examination.
Generally, large volumes of crystalloid solutions,
small volumes of hypertonic saline solution!?* in
combination with crystalloid solutions, or plasma
are administered to meet the horse’s fluid require-
ments. If necessary, sodium bicarbonate can be
given 1v as a 5% solution in distilled water to adjust
the horse’s acid/base status toward normal. If the

plasma protein concentration decreases to a greater
degree than does the pcv during administration of
crystalloid solutions, treatment with colloids should
be considered.

Presently, the first pharmacologic line of de-
fense in the treatment of endotoxemia is the
administration of a potent nonsteroidal anti-in-
flammatory drug. On the basis of the available ex-
perimental evidence and clinical experience,
flunixin meglumine appears to be the most com-
monly used drug for this purpose. Because inhibi-
tion of cyclooxygenase activity has been identified
at1v dosages as low as 0.25 mg/kg, many clinicians
prefer to use this dosage rather that the recom-
mended dosage of 1.1 mg/kg. Most recently, keto-
profen, a drug purportedly having inhibitory effects
on cyclooxygenase and lipoxygenase, has been
approved for use in horses. It will be interesting to
learn whether use of this drug will provide addi-
tional protection against the ill effects of endo-
toxin.

During the past 5 years, there has been
considerable interest in the use of plasma or serum
enriched with immunoglobulins directed against
the core re§ion of Lps in the treatment of endotox-
emia.l%0172 Although the results of a controlled
clinical trial in horses with clinicopathologic evi-
dence of endotoxemia have been encouraging,'®’
beneficial results were not obtained in horses ex-
perimentally challenge-exposed with endotoxin.?”
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