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Abstract 
We investigated the functional changes in the mitochon- 
drial respiratory chain at the rostral ventrolateral medul- 
la (RVLM), the medullary origin of sympathetic vasomo- 
tor tone, in an experimental model of endotoxemia that 
mimics systemic inflammatory response syndrome. In 
Sprague-Dawley rats maintained under propofol anes- 
thesia, intravenous administration of Escherichia coli 
lipopolysaccharide (LPS; 30 mg/kg) induced a reduction 
(Phase I), followed by an augmentation (Phase II) and a 
secondary decrease (Phase Ill) in the power density of 
vasomotor components (0-0.8 Hz) in systemic arterial 
pressure signals. LPS also elicited progressive hypoten- 
sion, and death ensued within 4 h. Enzyme assay re- 
vealed significant depression of the activity of nicotin- 
amide adenine dinucleotide cytochrome c reductase 
(Complexes t + Ill) and cytochrome c oxidase (Complex 
IV) in the RVLM during all three phases of endotoxemia. 
On the other hand, the activity of succinate cytochrome c 
reductase (Complexes II + Ill) remained unaltered. We 

conclude that selective dysfunction of respiratory en- 
zyme Complexes I and IV in the mitochondrial respirato- 
ry chain at the RVLM, whose neuronal activity is inti- 
mately related to the death process, is closely associated 
with fatal endotoxemia in the rat. 

Copyright@ 2002 National Science Council, ROC and S. Karger AG, Basel 

Introduction 

Sepsis is a complex pathophysiologic state that results 
from an exaggerated whole-body inflammatory response 
to infection. It is characterized by circulatory insufficien- 
cy, altered substrate metabolism and a narrowed arterial- 
venous oxygen difference that may lead to multiple organ 
failure and death [2]. Despite advances in new-generation 
antibiotics, there is still substantially high mortality from 
sepsis and septic shock. Metabolic disturbances, abnor- 
mal regulation of blood flow and diminished utilization of 
oxygen at the cellular level may account for tissue damage 
and organ dysfunction during sepsis and septic shock [2, 
191. 

The primary site of cellular energy generation and oxy- 
gen consumption is the mitochondrion [16]. In the pro- 
cess of oxidative phosphorylation, electrons are passed 
along a transport chain that consists of four respiratory 
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enzyme complexes arranged in a specific orientation in 
the mitochondrial inner membrane. These electrons are 
generated from the oxidation of fuel molecules by oxygen, 
and their transport through the respiratory chain leads to 
the generation of adenosine triphosphate (ATP) [16]. As 
the major machinery for cellular ATP production, the 
mitochondrion therefore presents itself as an important 
target for the septic cascade. Indeed, the notion ofbioen- 
ergetic failure and contribution of organ failure due to 
mitochondrial dysfunction in sepsis has been put forth 
[13, 26-29, 32]. A pathogenic mechanism proposed re- 
cently [10] hypothesizes that sepsis entails cytopathic 
hypoxia, which involves an intrinsic derangement in cel- 
lular energy metabolism and impaired ATP biosynthesis 
despite sufficient oxygen supply in the vicinity of the 
mitochondria. 

Numerous studies [9, 12, 13, 18, 23, 26, 28, 32] have 
examined the activity or concentration of mitochondrial 
respiratory enzymes during sepsis. These studies were 
usually based on animal models or isolated organs that 
have received insults of variable severity and for different 
durations. Understandably, conflicting results, including 
increased [9, 23], decreased [13, 26, 28, 32], unaltered 
[12] or even mixed changes [18] in mitochondrial func- 
tion in sepsis, have been reported. In addition, the majori- 
ty of studies on mitochondrial functions during sepsis 
have been carried out in liver, heart, skeletal muscle or 
other tissues [13, 18, 23, 26, 32], while very few reports 
have addressed the role of mitochondria in the central 
nervous system during sepsis. 

In patients who succumbed to either systemic inflam- 
matory response syndrome [38], severe brain injury [21] 
or organophosphate poisoning [36], we found that death is 
invariably preceded by a dramatic reduction or loss of the 
low frequency (0.004 to 0.15 Hz) components in the pow- 
er spectrum of their systemic arterial pressure (SAP) sig- 
nals. We further established that these low-frequency SAP 
signals are related to the sympathetic neurogenic vasomo- 
tor tone [35] and reflect the functional integrity of the 
brain stem [21 ]. Their origin in the brain stem was subse- 
quently traced in animal studies [20] to the premotor sym- 
pathetic neurons in the rostral ventrolateral medulla 
(RVLM). As the legal definition of death in Taiwan and 
many developed countries is brain stem death [17], we 
thus have in our hands a neural substrate that is suitable 
fbr mechanistic evaluations of the death process during 
sepsis. 

The present study was undertaken to evaluate whether 
changes in mitochondrial respiratory functions are associ- 
ated with death due to sepsis. Based on a rat model that 

provides continuous information on changes in neuronal 
activity in the RVLM during the entire course of experi- 
mental endotoxemia [5], we found that respiratory en- 
zyme Complexes I and IV in the mitochondrial respirato- 
ry chain of the RVLM exhibited dysfunction during the 
progression towards death in sepsis. 

Materials and Methods 

All experimental procedures were carried out in compliance with 
the guidelines for the care and use of experimental animals endorsed 
by our institutional animal care committee. All efforts were made to 
reduce the number of animals used and to minimize animal suffering 
during the experiments. 

GeneraI Preparation of Animals 
Experiments were carried out in 42 specific pathogen-free adult 

male Sprague-Dawley rats (280-350 g) that were obtained from the 
Experimental Animal Center of the National Science Council, Tai- 
wan, ROC. They were housed in an animal room under conditions of 
controlled temperature (24-25 ° C) and a 12-hour light/dark cycle. 
Standard laboratory rat chow and tap water were available ad libi- 
tum. 

Animals were initially anesthetized with pentobarbital sodium 
(50 mg/kg, i.p.) for routine preparatory surgery. The trachea was intu- 
bated to facilitate ventilation, and the femoral artery was cannulated 
to measure SAP. Both femoral veins were also cannulated for the 
administration of test chemicals or anesthetic agent. After the com- 
pletion of preparatory surgery, the animal was placed on a heating 
pad to maintain body temperature at 37 °C throughout the experi- 
ment, Thereafter, rats received an intravenous infusion of propofol 
(Zeneca, Macclesfield, UK) at 28 mg/kg/h. This management scheme 
provided satisfactory anesthetic maintenance while preserving the 
capacity of central cardiovascular regulation [34]. Animals were also 
paralyzed with intravenous infusion of pancuronium bromide (2 rag/ 
kg/h) and were mechanically ventilated (90-100 stroke/min, 3-4 ml/ 
stroke) by an animal ventilator (Harvard 683, South Natick, Mass., 
USA) to avoid hypoxia [20]. 

Recording and Power Spectml Analysis of SAP Signals 
The arterial catheter was connected to a pressure transducer 

(Gould P23ID, Valley View, Ohio, USA; fi'equency range: DC to 
200 Hz), and in turn to a universal amplifier (Gould 20-4615-58), via 
which SAP signals were amplified and filtered (frequency range: DC 
to 100 Hz). Heart rate (HR) was derived instantaneously from the 
SAP signals. On-line and real-time power spectral analysis of the SAP 
signals was carried out simultaneously according to procedures 
detailed previously [5, 6, 20, 34]. We quantified the spectral compo- 
nents of SAP signals by computing the power density of the low- 
frequency (BLF; 0.25-0.8 Hz) and very low-frequency (BVLF; 0-  
0.25 Hz) components. Our laboratory has demonstrated that these 
spectral components of SAP signals take origin in the RVLM [20] 
and reflect the prevalence of sympathetic neurogenic vasomotor tone 
[5, 6, 20, 34]. The power density of these vasomotor components was 
displayed on-line during the experiment, alongside pulsatile SAP, 
mean SAP and HR, in a real-time manner. 
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Experimental Endotoxemia 
Escherichia coli lipopolysaccharide (LPS; serotype 0111:B4, Sig- 

ma, St. Louis, Mo., USA) was slowly administrated intravenously 
over 1-2 rain at 30 mg/kg [5]. Injection of the same amount of 0.9% 
saline served as vehicle and volume control. Temporal changes in 
mean SAP, HR or power density of the vasomotor components of the 
SAP signals, and survival time were routinely followed for 6 h or 
until the animal succumbed to endotoxemia. 

Isolation of Mitochondria from the R VLM 
We previously reported [5] that, based on changes in the power 

density of vasomotor components in the SAP spectrum, rats undergo 
three distinct phases over the course of experimental endotoxemia. 
At the peak of each of these three phases (LPS group) or 15 rain, 1.5 
or 3 h after intravenous injection of saline (vehicle group), rats were 
perfused intracardially with 100 ml of warm (37 ° C) saline contain- 
ing heparin (100 U/ml). The brain was rapidly removed and placed 
on dry ice. Tissues were collected on both sides of the ventrolateral 
part of the medulla oblongata, at the level of the RVLM (0.5-2.5 mm 
rostral to the obex) [5, 6]. Samples were immediately placed in ice- 
cold buffer containing 0.25 M sucrose, 0.5 mM EGTA and 3 mM 
Hepes, pH 7.2 (SEH buffer). Control samples of RVLM were col- 
lected from rats before they received LPS or saline. 

Isolation of rat mitochondria from the RVLM was carried out 
according to the procedures of Yen et al. [37]. The entire procedure 
was carried out at 4 °C and completed within 2 h. Tissue samples 
were gently homogenized in SEH buffer using a loose-fit 20-ml glass- 
Teflon homogenizer (Iwaki Glass, Tokyo, Japan). The homogenate 
was centrifuged at 800 g for 10 rain at 4 o C, and the supernatant thus 
obtained was further centrifuged at 8,000 g for t0 rain. The precipi- 
tate was collected and the above centrifugation was repeated. The 
final mitochondrial pellet was suspended in a minimal amount of 
SEH buffer and stored at -80°C until measurement of mitochon- 
drial respiratory enzyme activity. 

Assays for Activity of Mitochondrial Respiratory Enzymes 
All enzyme assays were performed using a thermostatically regu- 

lated UV/visible spectrophotometer (Utrospec 400, Amersham 
Pharmacia Biotech, Uppsala, Sweden). At least duplicate determina- 
tion was carried out for each tissue sample in all enzyme assays. All 
reagents used in enzyme assays were purchased from Sigma. 

Nicotinamide adenine dinucleotide (NADH) cytochrome c re- 
ductase (NCCR; Complexes I +III) activity was determined by the 
reduction of oxidized cytochrome c measured at 550 nm, and was 
calculated as the difference in the presence or absence of rotenone [8, 
39]. The activity was assayed in 50 m)d K2HPO4 buffer (pH 7.4) 
containing 1.5 mM KCN, 1.0 mM [3-NADH and 20 gl (75-150 gg of 
protein) of mitochondrial suspension in the presence or absence of 
rotenone (20 gM). The reaction was initiated after 2 rain of stabiliza- 
tion by adding 0.1 mM cytochmme c, and absorbance at 550 nm 
was measured at 5-second intervals over the first 3 min at 37°C. 
The molar extinction coefficient of cytochrome c at 550 nm is 
18,500 _M -1 cm -1. 

Determination of succinate cytochrome c reductase (SCCR; 
Complexes II +III) activity was performed in 40 rm~l K2HPO4 buffer 
(pH 7.4) containing 20 mM succinate, 1.5 mM KCN and 30 gl (120- 
250 ~tg of protein) of mitochondrial suspension [30, 39]. After 5 rain 
of incubation at 37°C, the reaction was initiated by adding 50 gM 
cytochrome c, and absorbance at 550 nm was measured at 5-second 
intervals over the first 2 rain at 37 °C. 

Cytochrome c oxidase (CCO; Complex IV) activity was estimated 
by recording the oxidation of reduced cytochrome c at 550 nm [33, 
39]. The activity- of CCO is defined as the first-order rate constant 
and is calculated from the known concentration of ferrocytochrome c 
and the enzyme amount in the assay mixture [33]. The activity was 
assayed in 10 rm~r K2HPO4 buffer (pH 7.4) containing 30 gl (120- 
250 gg of protein) of mitochondrial suspension. After 5 rain of incu- 
bation at 30 ° C, 45 gM ferrocytochrome c was added to start the reac- 
tion. The background rate was measured after the addition of 
K3Fe(CN)6 (1.0 raM). Ferrocytochrome c was prepared from 1 trdvf 
oxidized cytochrome c by reduction with an excess amount of 
Na2S204 at 25 ° C for 5 rain. The mixture was applied to a Sephadex 
G-25 column to separate ferrocytochrome c from Na2S204. 

Determination of Protein Concentration 
Total protein in the mitochondrial suspension was estimated by 

the method of Bradford [3] with a protein assay kit (Bio-Rad, Her- 
cules, Calif., USA). 

Statistical Anatysis 
All values are expressed as mean -+ SE. One-way analysis of vari- 

ance was used to assess group means, followed by the Dunnett or 
Scheff6 multiple-range test for post hoc assessment of individual 
means, p < 0.05 was considered statistically significant. 

Results 

Temporal Changes in SAP, HR and Power Density of 
Vasomotor Components Qf SAP Signals during 
Experimental Endotoxemia 
In t r avenous  inject ion o f  LPS  (30 mg/kg) resulted in 

dist inct  t empora l  changes  in SAP, H R  and  the power  den- 

sity o f  the B L F  or  B V L F  c o m p o n e n t  o f  SAP signals 

(fig. 1). As we repor ted  previous ly  [5], the sequence o f  car- 

d iovascular  events  dur ing this LPS- induced  exper imental  

endo toxemia  can be  d iv ided  into three phases. Phase  I 

endo toxemia  showed a reduc t ion  in the  power  densi ty  o f  

v a s o m o t o r  c o m p o n e n t s  in the SAP spect rum,  which  oc- 
curred  immedia te ly  after  inject ion o f  LPS. Phase  II exhib- 

i ted a reversal  o f  these spectral  signals, result ing in an  aug- 
men ta t i on  o f  B L F  and  B V L F  power.  This  was fol lowed by 

Phase  III ,  which  was  charac ter ized  by a secondary  de- 

crease in the power  densi ty  o f  the v a s o m o t o r  c o m p o n e n t s  

o f  SAP signals. 
In  the present  s tudy,  t r ea tment  with LPS induced  an 

immed ia t e  hypotens ion ,  fol lowed by  a r ebound  increase 
and  a secondary  decrease in SAP. H R  unde rwen t  an ini- 
tial decrease, fol lowed by a slight increase unti l  short ly 

before the an imal  s u c c u m b e d  (fig. 1). The  survival  t ime  

after  t r ea tmen t  wi th  LPS at 30 mg/kg  was  232.9 + 12.5 
rain, and  the dura t ions  o f  Phases  I, I I  and  I I I  o f  endotox-  
emia  were 27.2 +_ 1.9, 117.9 + 8.1 and  87.8 :t: 8.7 min,  

respectively. Consis tent  with our  observa t ions  in the 
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Fig. 1. Representative continuous tracings showing temporal changes in SAP, mean SAP and HR in an animal that 
received an intravenous injection of LPS (30 mg/kg; at arrow). Also included are displays of integrated values for the 
power density of BLF and BVLF components of SAP signals. Phases I, II and III denote the stages of the hemody- 
namic response based on changes in the power density of the BLF and BVLF components. 

intensive care unit [36, 38], the commencement  of  Phase III 
endotoxemia preceded a discernible reduction in SAP. 

Assessment of MitochondriaI Functions in the R VLM 
during Experimental Endotoxemia 
We evaluated changes in mitochondrial  functions in 

the RVLM during the progression towards death by 
examining the activity of  key enzymes in respiratory 
Complexes I + I I I  (NCCR), II + III (SCCR) and IV (CCO) 
during the three phases of  experimental  endotoxemia.  
The specific enzyme activity o f  N C C R  or SCCR was 
expressed as nmol o f  reduced cytochrome c/min/mg of  
protein, and for CCO, as nmol  of  oxidized cytochrome 
c/min/mg of  protein. It should be ment ioned that the 
activity of  all enzymes measured in control animals or 
during t ime intervals comparable to the three phases of  
endotoxemia in saline-treated groups displayed no signifi- 
cant alterations. 

The activity of  N C C R  in the RVLM underwent  a sig- 
nificant decrease during all three phases of  experimental  
endotoxemia (fig. 2). Compared to the control group and 
saline-treated rats, the activity of  NCCR in the LPS- 
treated rats showed an approximately 65 % reduction dur- 
ing Phase I endotoxemia.  There was a t rend o f  reversal, 

• ! i ̧ i; i ii!ii! !i! !i!i!ii  i 

Fig. 2. Enzyme assay tbr activity of NCCR (Complexes I + III) in 
mitochondria isolated from the RVLM before and during each phase 
of experimental endotoxemia in LPS-treated rats or their saline con- 
trols (NS). Values are presented as mean + SE from 3-6 samples. 
*p < 0.05 versus baseline control in the Dunnett analysis or saline- 
treated controls in the Scheff6 analysis. 

Mitochondrial Dysfunction at the RVLM in 
Endotoxemia 
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Fig. 3. Enzyme assay for activity of SCCR (Complexes II +III) in 
mitochondria isolated from the RVLM before and during each phase 
of experimental endotoxemia in LPS-treated rats or their saline con- 
trols (NS). Values are presented as mean + SE from 3-6 samples. No 
significant difference was detected (p > 0.05) between the treatment 
groups. 

Fig. 4. Enzyme assay for activity of CCO (Complex IV) in mitochon- 
dria isolated from the RVLM before and during each phase of experi- 
mental endotoxemia in LPS-treated rats or their saline controls (NS). 
Values are presented as mean + SE from 3-6 samples. *p < 0.05 
versus baseline control in the Dunnett analysis or saline-treated con- 
trols in the Scheff6 analysis. 

albeit insignificant, of this reduction in Phase II, when the 
decline in NCCR activity amounted to 42°/0. This was, 
however, followed by a dramatic reduction in the activity 
of NCCR by 74% during Phase III endotoxemia. 

Measurement of SCCR activity in the RVLM revealed 
an entirely different picture. There was no significant 
alteration during any of the three phases of experimental 
endotoxemia (fig. 3). On the other hand, the activity of 
CCO in the RVLM of LPS-treated rats was significantly 
decreased during Phases I, II and III of endotoxemia 
(fig. 4). The degree of reduction during each of these three 
phases was comparable (Phase I, 29%; Phase II, 21%; 
Phase III, 29%). 

Discussion 

The present study took advantage of an animal model 
of experimental endotoxemia [5] that closely resembles 
the clinical condition of sepsis. Our on-line monitoring of 
changes in the power density of vasomotor components of 
SAP signals allowed us to follow the initial reduction 
(Phase I), subsequent augmentation (Phase II) and sec- 
ondary decrease (Phase III) in neuronal activity at the 
RVLM during the progression towards death. By deter- 

mining the functions of the mitochondrial respiratory 
chain in the RVLM during these three phases, we provided 
a novel demonstration of a significant reduction in NCCR 
and CCO activity during fatal endotoxemia in a neural sub- 
strate that is intimately related to the death process. 

A potential mechanism leading to cytopathic hypoxia 
in sepsis is mitochondrial uncoupling [10]. Under this 
condition, utilization of oxygen is not tightly linked to the 
phosphorylation of ADP to form ATP, leading to an 
intrinsic derangement in cellular energy metabolism. 
During oxidative phosphorylation [16], electrons from 
the reducing agent, NADH, move from Complex I to 
Complex III through coenzyme Q10, and then to Complex 
IV through cytochrome c. Electrons from succinate enter 
the respiratory chain through flavin adenine dinucleotide, 
which is covalently linked to Complex II, and move to 
Complexes III and IV by way of coenzyme Ql0. The pas- 
sage of electrons between these complexes releases energy 
that is stored in the form of a proton gradient across the 
membrane by Complexes I, III and IV and is used by 
ATPase to produce ATP from ADP. In the present study, 
we observed that while the activity of NCCR (Complexes 
I + III) and CCO (Complex IV) in the RVLM underwent a 
decrease during the course of  endotoxemia, SCCR (Com- 
plexes II +III) remained essentially unchanged. It follows 
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that the fatal effects of LPS-induced endotoxemia proba- 
bly arise from a dysfunction of Complexes I and IV in the 
mitochondrial electron transport chain at the RVLM. 
Furthermore, it is likely that pathways linked to NADH, 
but not flavin adenine dinucleotide, are primarily en- 
gaged in the speculated defects of mitochondrial respira- 
tory function [t3, 23]. 

Our results indicate a rapid onset of mitochondrial 
dysfunction after administration of LPS. The most likely 
candidate that fulfills this necessity of a short time frame 
is nitric oxide (NO) [31 ]. A number of studies [ 14, 18, 31 ] 
showed that endotoxin and various proinflammatory cy- 
tokines are capable of causing mitochondrial dysfunction 
via NO-dependent pathways. NO competes with oxygen 
for the same site in CCO and is a rapid, potent and com- 
pletely reversible inhibitor of this mitochondrial enzyme 
at nanomolar concentrations [4]. NO additionally inter- 
acts with superoxide ion to form its congeners, peroxyni- 
trite and peroxynitrous acid, which are potent oxidants 
with cytotoxic effects [24, 31]. Exogenously generated 
peroxynitrite [ 13, 24, 27, 31] may cause irreversible inhi- 
bition of ATPase, inhibition of Complexes I-IV in the 
mitochondriaI respiratory chain or inhibition of aconitase 
in the citric acid cycle. Endogenous peroxynitrite also 
mediates mitochondrial dysfunction in the diaphragm 
during endotoxemia [ 1 ]. 

Recent work from our laboratory lent direct credence 
to the notion that overproduction of NO at the RVLM is 
directly related to the death process. In the same rat mod- 
el of experimental endotoxemia used in the present study 
[5], which mimics systemic inflammatory response syn- 
drome, we demonstrated that the reduction in the power 
density of vasomotor components in SAP signals during 
the progression towards death is associated with the pro- 
gressive augmentation in both molecular synthesis and 
functional expression of inducible NO synthase (iNOS) in 
the RVLM. We also demonstrated that in a rat model of 
mevinphos intoxication [7], which mimics organophos- 
phate poisoning, the cholinesterase inhibitor induces tox- 
icity via NO produced by iNOS upon activation of the M2 
subtype of muscarinic receptors by the accumulated ace- 
tylcholine in the RVLM. Activated iNOS produces long- 
lasting generation of NO [15, 22] that is responsible for 
the sympathoinhibitory action of NO at the RVLM [6]. 
Results from a parallel study [Chan et al., unpubl, data] 
further identified that a crucial link between the overpro- 
duction of NO by iNOS in the RVLM and death is the 
formation ofperoxynitrite via a reaction between NO and 
superoxide anion. It follows that a likely consequence of 
the cytotoxic effects of peroxynitrite is our observed dys- 

function in enzymes associated with Complexes I and IV 
in the mitochondrial respiratory chain at the RVLM dur- 
ing endotoxemia. While this speculation must await con- 
firmation, it should be noted that in a previous study, 
depression of mitochondrial enzyme activity, predomi- 
nantly in Complexes I and IV, was detected in muscle 
biopsies and blood samples of patients in septic shock 
[27]. 

The mitochondrial dysfunction observed in the 
present study may also be achieved indirectly by LPS- 
induced release of inflammatory cytokines. Cytokine me- 
diators such as tumor necrosis factor and interleukins are 
detected in the blood several minutes after delivery of 
endotoxin or an infectious challenge [11]. It is therefore 
possible that generation of mitochondrial reactive oxygen 
species after exposure to tumor necrosis factor or other 
cytokines is related to the dysfunction of the mitochon- 
drial respiratory chain seen during sepsis [13, 27, 29]. 
Cytokines that influence metabolic pathways may also 
alter oxygen consumption and cause defective mitochon- 
drial functions [10, 25-27]. Body oxygen consumption 
and metabolic rate fail progressively with increased sever- 
ity of disease in septic patients [ 19]. 

Conflicting opinion exists regarding the role of mito- 
chondrial dysfunction in sepsis [9, 12, 13, 18, 23, 26, 27, 
32]. This conflict may arise from differences in experi- 
mental septic models, doses of endotoxin, time scales of 
observation and tissues or organs used [32]. Mitochon- 
drial functions are generally depressed in models with lon- 
ger duration and greater severity of sepsis, but are usually 
unchanged in short-term studies [27]. The present study 
evaluated changes in mitochondrial enzymes in a brain 
area that is intimately related to 'life and death' over the 
entire course towards death during endotoxemia. Based 
on this model, we were able to demonstrate that whereas 
the activity of respiratory enzyme Complexes I and IV 
was inhibited, that of Complexes II and III remained 
unaltered. We are aware that our experiments were car- 
ried out in animals that were maintained under anesthe- 
sia (propofol), a muscle relaxant (pancuronium) and me- 
chanical ventilation. That these may not be confounding 
factors was indicated by the fact that the activity of all 
enzymes measured in saline-treated rats, which received 
the same preparatory and experimental procedures as our 
LPS-treated rats, was found to be comparable to that in 
the control animals. 

In conclusion, the present study demonstrated that 
dysfunction of the mitochondrial respiratory chain, par- 
ticularly in respiratory enzyme Complexes I and IV, 
occurred during LPS-induced endotoxemia in the rat. It is 
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significant that this mitochondrial dysfunction took place 
in the RVLM, whose neuronal activity is intimately relat- 
ed to the 'life and death' process. These findings therefore 
open up a new direction for future development of thera- 
peutic strategies in the critical, complicated and highly 
fatal condition known as sepsis. 
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