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Hemodynamic and Metabolic Manifestations of Acute
Endotoxin Infusion in Pigs with and without the
Malignant Hypertbermia Mutation

Shailesh Kumar V. Musley, Ph.D.,* David S. Beebe, M.D.,T Vijaya Komanduri, M.S.,% Paul A. laizzo, Ph.D.,§

Kumar G. Belani, M.D.||

Background: The hypermetabolic state induced by acute en-
dotoxemia and malignant hyperthermia (MH) may be indistin-
guishable. The aims of this study were (1) to investigate the
differences between MH and sepsis, (2) to determine whether
acute endotoxemia can trigger MH, and (3) to establish the
effects of dantrolene in these two disorders.

Methods: Three groups of swine were studied. All pigs were
invasively monitored and initially anesthetized with nontrig-
gering agents. A placebo MH-susceptible group (n = 5) received
normal saline whereas the endotoxin groups (MH-susceptible,
n = 6; MH-negative, n = 4) received intravenous endotoxin (250
pg/kg total) during 2.5 h. Halothane (1.5%) and succinylcholine
(2-4 mg/kg) were then administered, followed by two doses of
dantrolene (4 mg/kg total).

Results: Endotoxin infusion resulted in pulmonary hyperten-
sion and systemic hypotension in pigs with and without the MH
mutation, but did not trigger MH. Halothane and succinylcholine
triggered MH, evidenced by a markedly higher oxygen consump-
tion in the MH-susceptible pigs that received endotoxin (325 = 196
ml/min) and those that did not (374 = 110 ml/min) compared to
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the MH-negative pigs (69 = 15 ml/min, P < 0.0009), as well as
muscular rigidity in the susceptible animals. Dantrolene reversed
these changes. Three of the six MH-susceptible pigs that received
endotoxin died; two died soon after triggering and one after dan-
trolene administration. In contrast, none of the MH-negative pigs
or the MH-susceptible pigs that did not receive endotoxin died (0
of 9vs. 3 of 6, P = 0.044).

Conclusion: Endotoxemia does not trigger MH, but may
worsen outcome if it occurs. (Key words: Calcium; dantrolene;
fever; sepsis.)

THE clinical presentation of malignant hyperthermia (MH)
and septicemia may be indistinguishable. Both can present
with hyperthermia, tachycardia, tachypnea, and acidosis.
MH is an inherited disorder that phenotypically is described
as a subclinical myopathy that progresses to a severe hy-
permetabolic crisis on exposure to potent anesthetic
agents, succinylcholine, exercise, or severe stress. The un-
derlying myopathy is caused by functional alterations in the
regulation of the sarcoplasmic reticulum that causes an
acute increase in the intracellular calcium concentration
(Ca*"). In swine, MH susceptibility results from a single
amino acid substitution (Arg to Cys) at position 615 of the
sarcoplasmic reticulum ryanodine receptor (Ca®" release
channel). The cause is more heterogeneous in humans.? In
both species, dantrolene can reverse an MH episode.*>
Dantrolene acts to reduce or stabilize the intracellular free
calcium.® To be effective, dantrolene must be given early,
while muscle blood flow is still present. It may have to be
administered before a diagnosis can be accurately estab-
lished, and could be administered to patients in whom
sepsis is the cause of hyperpyrexia rather than MH."

The aims of this study were (1) to study the differences in
the metabolic, hemodynamic, and biochemical manifesta-
tions during acute endotoxemia in normal pigs and those
susceptible to MH, (2) to determine whether the stress of
acute endotoxemia can trigger MH in susceptible swine,
and (3) to determine whether dantrolene administration
has any adverse effects in the presence of endotoxemia.
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Methods

All animal studies were approved by the University of
Minnesota Animal Care and Use Committee and con-
formed to the published guidelines of the National Insti-
tutes of Health on the use of laboratory animals. These
experiments were performed on normal swine and pure-
bred pietrane swine with the MH genotype (University
of Minnesota Rosemount Agricultural Experiment Sta-
tion, West Rosemount, Minnesota). The genotype was
confirmed by linkage analyses. On the day of the study,
general anesthesia was induced with an intramuscular
injection of Telazol (tiletamine HCL and zolazepam HCL,
12 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA)
and atropine 0.1 mg/kg. An intravenous line was estab-
lished in an ear vein, and anesthesia was maintained with
continuous infusion of Telazol and nitrous oxide (70%).
Pancuronium was used for skeletal muscle relaxation.
The animals (body weight ~ 24 kg) were intubated and
mechanically ventilated (partial pressure of carbon diox-
ide [Paco, between 35-45 mmHg, ventilator model
90013, Ohmeda, Madison, WI). Respiratory gases were
monitored with a Nellcor N-2500 unit (Nellcor, Pleasan-
ton, CA). A balloon-tipped pulmonary artery catheter
(model 93-132-5F; Edwards Swan-Ganz Thermodilution
Catheter, Irvine, CA) was inserted in the right external
jugular vein and advanced into the pulmonary artery.
This catheter was used for measurements of pulmonary
artery pressure, blood temperature, collection of mixed
venous blood, and the determination of cardiac output
by the thermodilution method (cardiac output computer
9520A; Edwards Laboratories, Santa Ana, CA). An aver-
age of three cardiac outputs was obtained during each
data sampling period. An indwelling femoral arterial line
was placed for blood pressure monitoring and measure-
ment of arterial blood gases.

After surgery, the animals were allowed a 30-min sta-
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T imental protocol used in this study.
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bilization period, during which time they were main-
tained normothermic (= 37 £ 0.5°C) by using a forced-
air cover positioned over the torso and lower limbs,
which was connected to a forced-air warming device
(model 500; Bair Hugger, Augustine Medical Inc., Eden
Prairie, MN) set to deliver air at approximately 40°C. The
arterial and venous blood pressure of oxygen (P, ), pres-
sure of carbon dioxide (PCOZ), PpH, and electrolytés were
determined from fresh blood samples using an IL 1400
BGElectrolytes Analyzer (Instrumentation Laboratory,
Lexington, MA), with temperature compensation. Sam-
ples of arterial and venous blood were also tested for
lactate levels by the University of Minnesota Hospital
laboratories (Minneapolis, MN). To determine the car-
diac index, the body surface area was calculated using
the Dubois equation: BSA =BW°%*> . length®’*> -
0.007184. The ambient temperature was approximately
23°C.

After preparation and stabilization, the placebo MH-
susceptible group (n = 5), received equivalent volumes
of normal saline, whereas the endotoxin groups (MH-
susceptible, n = 6; MH-negative, n = 4) received Esch-
erichia coli endotoxin dissolved in normal saline (LPS;
0111::B4, Difco, Detroit, M), in an intravenous bolus
dose of 50 ug/kg followed by 200 ug/kg intravenously
infused over 2.5 h (see Protocol, fig. 1). After endotoxin
or placebo infusion, the pigs were challenged with trig-
gering agents (halothane 1.5% + succinylcholine 2-4
mg/kg). Five to 10 min after exposure to triggering
agents, or when the end-tidal carbon dioxide (ETCOZ)
reached 70 mmHg or more, 2 mg/kg dantrolene was
administered in two doses (D1 and D2). At the same time
dantrolene was given, halothane administration was dis-
continued. All measurements were repeated every 30
min until triggering and every 15 min after triggering for
1 h. After data acquisition, surviving animals were Killed.
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Statistical Analysis

Data were reported as the mean = SD. The change from
the baseline values after endotoxin administration for each
parameter were compared among the three groups imme-
diately before administering triggering agents (sample 6)
using analysis of variance. To determine the effects of
triggering, the changes from these values (sample 6)
caused by the triggering agents, but before the administra-
tion of dantrolene (sample 7), were compared among the
groups using analysis of covariance (ANCOVA). The
changes from the post-triggering values (sample 7) after
dantrolene administration (sample 9) were also compared
among the groups using analysis of covariance. Log trans-
formation of values was performed if the transformed data
met the equal variances criteria better than the original
data. If the F test for the model was significant, pairwise
comparisons were evaluated for significant (least squares)

Anesthesiology, V 91, No 3, Sep 1999

Sample number

—{J— PLACEBO (MH SUSCEPTIBLE)

ENDOTOXIN (MH SUSCEPTIBLE)

---@--- ENDOTOXIN (MH NON-SUSCEPTIBLE)

mean differences among each group. Adjustments for mul-
tiple comparisons were made using the Bonferroni
method. Therefore, significance was defined as P <
0.0167. To evaluate the overall mortality difference among
the three groups, the Fischer exact test was used.

Results

In MH-susceptible and nonsusceptible animals, endo-
toxin infusion resulted in decreases in the mean arterial
pressure cardiac index, with a marked increase in the
pulmonary artery pressure (fig. 2). Both the mixed ve-
nous and the ET, tensions increased in the groups that
received endotoxin, with a decrease in pH (fig. 3). How-
ever, the blood temperatures were not different among
the groups (fig. 4). There was no evidence that intrave-
nous endotoxin triggered MH.
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Administration of the triggering agents halothane and
succinylcholine caused marked increases in the oxygen
consumption, mixed venous carbon dioxide levels,
ET¢o,, and serum lactate level in the MH-susceptible
pigs, regardless of whether they received endotoxin pre-
viously (figs. 2 and 3). The blood temperature increased
in the MH-susceptible groups as well, but not as dramat-
ically (fig. 4). Dantrolene began to reverse these changes
in both MH-susceptible groups (fig. 3).

All MH-susceptible pigs that did not receive endotoxin
survived triggering of MH after discontinuation of halo-
thane and administration of dantrolene. None of the MH-
negative swine triggered MH. They also survived after all
the triggering agents were discontinued and dantrolene
was administered. In contrast, one half of the MH-suscep-
tible pigs who received endotoxin died (3 of 6 vs. 0 of 9;
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sus the placebo (MH-susceptible) pigs.

P = 0.044). Soon after triggering agents were begun, two
of the six MH-susceptible pigs that received endotoxin died
from severe hypotension before they could be treated with
dantrolene. A third pig in the MH-susceptible group also
died from severe hypotension despite the administration of
dantrolene.

Discussion

A hypermetabolic response during anesthesia may spon-
taneously occur in a number of diverse medical conditions,
such as thyrotoxicosis, acute sepsis, neuroleptic malignant
syndrome, pheochromocytoma, and MH.'>¢

Malignant hyperthermia is an unexpected event that re-
quires prompt action by the anesthesia care team. During
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Fig. 4. Blood temperature for the three groups of animals. 7P <
0.005 for changes from the point before triggering (sample 6)
for the endotoxin (malignant hyperthermia [MH]-susceptible)
pigs versus the endotoxin (MH-nonsusceptible) animals.

an episode of MH, skeletal muscles increase their oxygen
consumption and lactate production, resulting in respira-
tory and metabolic acidosis, muscle rigidity, and general-
ized hyperthermia. The final common pathway for the
development of MH appears to be an uncontrolled increase
in intracellular Ca®* in skeletal muscle.>*

Dantrolene acts by inhibiting excitation- contraction
coupling in the skeletal muscle without affecting neuro-
muscular transmission or the electrical properties of the
muscle. Excitation- contraction coupling results in re-
lease of Ca’" from the sarcoplasmic reticulum. Dan-
trolene thus diminishes Ca>" release without affecting
re-uptake.>” Dantrolene rapidly halts the increase in
metabolism from MH and secondarily results in a return
to normal levels of catecholamines and potassium.®

In MH-susceptible pigs, there is some evidence that
dantrolene acts by affecting the abnormal ryanodine
receptor. It may act directly on the ryanodine receptor
to diminish Ca®" release, or at a site adjacent to the
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receptor, which affects its function.”'® Dantrolene may
also interact with the dihydropyridine receptor. This
receptor is involved with electrical transmission from
the transverse tubules to the ryanodine receptor.'’ Al-
ternatively, dantrolene may act at a receptor or site that
counteracts the elevated intracellular Ca*>* without bind-
ing to or involving the ryanodine receptor directly.'?
Dantrolene may affect the stability of the membrane of
the sarcoplasmic reticulum to counteract the destabiliz-
ing effects of halothane as well. Membrane instability
may cause a change in the function of the Ca*>" release
channel and result in increased intracellular calcium."?

Recent studies also suggest that disturbances in Ca*"
regulation are responsible for or contribute to many of
the metabolic manifestations of sepsis or endotoxemia,
or both. A sustained increase in intracellular Ca*" in
sepsis or endotoxemia may be partly responsible for
induction and continuation of multiple organ dysfunc-
tion.' Song er al.'®> demonstrated that intracellular Ca**
is increased in the aortic smooth muscle in rats admin-
istered endotoxin. Endotoxin has been shown to in-
crease intracellular inositol triphosphate levels.'® Inosi-
tol triphosphate may act on a receptor in the
sarcoplasmic reticulum similar to the ryanodine receptor
that triggers release of Ca®" into the cytoplasm.'” How-
ever, in our experiment, there was no evidence that
endotoxin administration alone triggered MH.

Song et al.'® also suggested that the intracellular Ca®>" be
intentionally lowered in septic patients by using intrave-
nous dantrolene. They demonstrated that intravenous dan-
trolene lowers intracellular Ca** in rats that were adminis-
tered endotoxin. Dantrolene also has reversed some of the
metabolic hallmarks of sepsis, such as muscle protein
breakdown and plasma lactate formation, in rats made
septic by cecal ligation. Dantrolene increased survival in
mice administered endotoxin as well.'® Another study
showed that dantrolene did not worsen survival in rats
made endotoxemic and was not detrimental to the hemo-
dynamics of dogs given endotoxin. "’ Conversely, dan-
trolene administration was shown to worsen survival in a
model of intraabdominal sepsis in rats.>°

In humans, dantrolene has been administered without
apparent harm to patients in whom sepsis is the cause of
hyperpyrexia rather than MH.' Dantrolene treatment
also was not detrimental to the normal pigs given endo-
toxin in our experiment, and reversed the MH episode in
the susceptible pigs that were not given endotoxin.

However, half of the MH-susceptible pigs that were made
septic with endotoxin died from profound hypotension
during administration of triggering agents. One pig died in

20z Iidy /1 uo 3s8nb Aq Jpd'9£000-00060666 L -Z7S0000/062.L6E/EES/E/ L 6/3Pd-BlonIe/ABOjoISaUISaUE/LIOD JIeUDIBA|IS ZeSE//:d)Y WOl papeojumoq



838

MUSLEY ET AL.

spite of receiving intravenous dantrolene, although it did
begin to reverse the MH episode in the three remaining
septic pigs. These results are similar to a report of four
patients diagnosed postoperatively as MH susceptible by
positive results of halothane contracture tests of either
themselves or one of their parents. MH developed in each
while undergoing surgery for a septic appendix. Three of
the four patients died intraoperatively, and two of the
patients died in spite of receiving intravenous dantrolene.'
This suggests that, although endotoxin itself may not trig-
ger MH, the presence of sepsis worsens mortality.

Perhaps the rise in intracellular Ca*" from triggering
MH in addition to the increase in Ca®>" from endotox-
emia may be too high for survival in patients or animals
that are septic and MH susceptible. Profound hypoten-
sion may also occur when halothane and succinylcholine
both are used to trigger MH in susceptible animals. This
may be caused by the presence of up-regulated extra-
junctional nicotinic acetylcholine receptors in MH-sus-
ceptible animals. Interaction of succinylcholine with
these receptors during triggering can cause systemic
hypotension.21 Because the septic pigs were already
hypotensive from endotoxin, they may not have been
able to survive an additional diminution in systemic
blood pressure resulting from the triggering agents.

In summary, the hemodynamic, metabolic, and bio-
chemical manifestations of acute endotoxin infusion in
the presence of nontriggering anesthetics were similar in
pigs with and without the MH mutation. Dantrolene
treatment resulted in no detrimental effects in the nor-
mal swine that received the endotoxin. Despite severe
alterations in hemodynamic and metabolic parameters,
the stress of endotoxemia did not result in the initiation
of an episode of MH in susceptible pigs. However, the
presence of endotoxemia increased mortality after trig-
gering in MH-susceptible swine.

The authors thank Mallinckrodt Anesthesia Products Incorporated
(St. Louis, Missouri), for providing the temperature probes, and Nellcor
Incorporated (Pleasanton, CA) for the use of their multifunction gas
analyzer.
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