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Background: Mild hypothermia, a promising therapy being
evaluated for various clinical situations, may suppress the for-
mation of reactive oxygen species during reperfusion and may
ameliorate microcirculatory perfusion failure (the “no-reflow
phenomenon”).

Methods: Isolated rat livers underwent 30 min of perfusion,
2.5 h of ischemia, and 3 h of reperfusion. The temperature was
maintained at 34°C (mild hypothermia, n = 5) or 38°C (normo-
thermia, n = 6) for all three periods by perfusion of a modified
Krebs Henseleit solution, air surface cooling, or both. A third
group of livers was normothermic before and during ischemia
and mildly hypothermic during reperfusion (reperfusion hypo-
thermia, n = 6). Control livers had 3 h of perfusion at normo-
thermia. Chemiluminescence (a measure of the generation of
reactive oxygen species) and hepatic vascular resistance were
monitored simultaneously to evaluate the effect of temperature
on the formation of reactive oxygen species and the develop-
ment of no reflow. Also measured were thiobarbituric acid
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reactive species and lactate dehydrogenase, as indicators of
oxidative stress and cell injury.

Results: Mild hypothermia decreased formation of reactive
oxygen species and postischemic increases in vascular resis-
tance. Reperfusion hypothermia also decreased postischemic
increases in vascular resistance, but not as effectively as did
mild hypothermia. Levels of thiobarbituric acid reactive species
were lower for reperfusion hypothermia than for mild hypo-
thermia at only 0 and 30 min of reperfusion. Lactate dehydro-
genase was significant only at 0 min of reperfusion for the
normothermic group. Oxygen consumption did not change.

Conclusion: The prevention of hepatic vascular injury by sup-
pression of oxidative stress may be an important protective
mechanism of mild hypothermia. (Key words: Chemilumines-
cence; hypoperfusion; no-reflow phenomenon; reactive oxy-
gen species.)

IN the 1980s, several groups identified the cerebral pro-
tective effects of mild hypothermia (32-34°C) in canine
cardiac arrest' and rat global ischemia® * models. Mild
hypothermia is being tested clinically for the treatment
of head injuries.>® After ischemia, oxygen is restored,
and a group of partially reduced oxygen compounds,
known as reactive oxygen species, results. These sub-
stances induce microcirculatory perfusion failure of the
endothelium (the “no-reflow phenomenon”),” ' which
is a potential source of secondary ischemic injury. This
adverse effect can be mitigated by the activity of scav-
engers of reactive oxygen species, such as superoxide
dismutase.”® Because moderate hypothermia has been
shown to decrease the formation of reactive oxygen
species,'! we hypothesized that mild hypothermia also
may have the same effect during reperfusion, thereby
ameliorating the no-reflow phenomenon and possibly
other types of tissue injury initiated by these sub-
siagcesy =t

Our investigation used chemiluminescence to study
systematically, in real time, the ability of mild hypother-
mia to prevent the generation of reactive oxygen species
in a perfused rat liver model. We also monitored hepatic
vascular resistance simultaneously to determine whether
mild hypothermia would prevent an increase in the
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generation of reactive oxygen species with reperfusion,
and the subsequent development of microcirculatory
perfusion failure, as manifested by increased postisch-
emic vascular resistance. In addition, we determined
whether the protective effects of hypothermia were ex-
erted during the ischemic period or during reperfusion,
or both, by subjecting a third group of livers to normo-
thermic ischemia followed by hypothermic reperfusion
(“reperfusion hypothermia”).

Materials and Methods

Animal Preparation and General Experimenital

Protocol

The animal protocol was approved by the Institutional
Animal Care and Use Committee of the University of
Pittsburgh. We anesthetized fed male Sprague-Dawley
rats (Zivic-Miller, Pittsburgh, PA) with 300 - 400 wg me-
thoxyflurane by inhalation. The liver was exposed
through a midline incision. The portal vein and the
inferior vena cava distal to the renal vein were cannu-
lated (4 cm long; 1.5 mm ID; Texas Medical Products,
Houston, TX). We incised the diaphragm and clamped
the superior vena cava and descending aorta. The can-
nulas were attached to the perfusion circuit, and perfu-
sion was started 77 situ with oxygenated Krebs Henseleit
buffer. The liver was dissected free of its remaining
attachments, weighed, and transferred to the perfusion
cabinet. This light-tight and water-tight box measured
22 X 25 X 35 cm and was fabricated from anodized
aluminum and heated by a water jacket. To wash out any
remaining blood cells, we perfused the liver with 150 -
200 ml buffer and then initiated recirculation. At the end
of the experiment, the liver was removed from the
perfusion cabinet and reweighed.

Experimental Conditions

There were three experimental conditions: (1) normo-
thermia (38°C, n = 6), (2) mild hypothermia (34°C, n =
5), and (3) hypothermic reperfusion (reperfusion hypo-
thermia, n = 6). Each experiment had the same general
structure: a 30-min period of perfusion (preischemia)
followed by 2.5 h of no flow (ischemia) and 2 h of
reperfusion. Normothermic livers were excised, placed
in the perfusion chamber, and maintained at 38 + 0.2°C
during preischemia, ischemia, and reperfusion. Mildly
hypothermic livers were prepared and treated identi-
cally but were cooled rapidly to 34 =+ 0.2°C during
preischemia using a hypothermic perfusate and air sur-
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face cooling. This temperature was maintained for all
three periods. Reperfusion hypothermia livers were
maintained at normothermia (38 = 0.2°C) before and
during ischemia but, for the reperfusion period, they
were cooled rapidly to 34 = 0.2°C using hypothermic
perfusate and air surface cooling. A control group of
livers (n = 5) was not subjected to ischemia but rather to
3 h of perfusion at normothermia.

Perfusion and Calculation of Vascular Resistance

The modified Krebs Henseleit solution used as the
perfusate contained the following constituents: 140 mm
sodium, 4.9 mm potassium, 110 mm chloride, 2 mwm cal-
cium, 10 mm glucose, and 1.2 mm magnesium. This
solution was adjusted to a pH of 7.4 and oxygenated
with a mixture of 95% oxygen and 5% carbon dioxide in
a membrane oxygenator."'’

Perfusion occurred at a flow rate of 2.5-3.5 ml
min '+ g 'in a recirculating system with a total volume
of 175 ml. To ensure adequacy of perfusion, we placed
oxygen electrodes (Diamond General, Ann Arbor, MI) in
the inlet and effluent line to the liver and then measured
oxygen consumption continuously. Perfusion pressure
was monitored using a Bard disposable pressure trans-
ducer (Murray Hill, NJ). Flow rate was measured using an
electromagnetic flow probe (Carolina Medical Products,
King, NC). We calculated vascular resistance (mmHg -
ml ' - min ') as the quotient of perfusion pressure and
flow rate.

Chemiluminescence

The chemiluminescence apparatus consists of a stan-
dard liver perfusion chamber'® adapted to measure
chemiluminescence by enclosing the chamber in a ther-
mostatically regulated light-tight box. Free radical reac-
tions are measured from the surface of the liver by
chemiluminescence using a single photon-counting
technique and an EMI 9658A photomultiplier (Thorn
English Music, Fairfield, NJ) as the photodetector.'”'®
The photomultiplier is cooled by a FACT-50 thermoelec-
tric cooler (Thorn English Music) to —24°C to reduce
background noise and to make measurements indepen-
dent of temperature. Signals are filtered using an EG&G/
PARC 1121 amplifier-discriminator to reduce back-
ground noise and are counted using an EG&G/PARC
1109 counter (EG&G/PARC, Trenton, NJ). For comput-
erized data acquisition, we used a CIO-DAS16/330i data
acquisition board (Computer Boards, Mansfield, MA) and
Snap-Master data acquisition software (HEM Data Corp.,
Southfield, MD). This system also acquired signals for
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perfusion pressure, flow rate, and oxygen partial pres-
sure. Data were sampled every second and were aver-
aged for 60-s intervals. One-minute averages were re-
corded during the experiment.

Laboratory Analyses and Calculations

We measured the levels of lactate dehydrogenase
(LDH) in the perfusate as a general indicator of cell
injury'? (analyses were performed in the clinical labora-
tory of Presbyterian University Hospital, Pittsburgh, PA).
Levels of thiobarbituric acid reactive substances (IBARS)
were assayed from the perfusate as an indicator of lipid
peroxidation.”” Gases in the perfusate gases were mea-
sured from the inlet and effluent (Corning 278 pH/Blood
Gas Analyzer; Corning Medical and Scientific, Medfield,
MA) to ensure adequate oxygenation of the perfusate
and an inflow pH of 7.4.

We measured concentrations of gases, LDH, and
TBARS from the perfusate at the beginning and the end
of the preischemic period, at the beginning and the end
of reperfusion, and every 30 min during reperfusion. For
the control group, potassium, perfusate gases, LDH, and
TBARS levels were measured every 30 min. We calcu-
lated oxygen consumption from data of perfusate gases,
the flow rate, and the initial wet liver weight. The efflux
rates for LDH and TBARS were calculated using the
following formula:

X =(A— B V/ilwt-t)
where X = calculated efflux, A = sample value at one

time point, B = sample value at preceding time point,
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V = total perfusion circuit volume, wt = initial wet liver
weight, and t = time interval between samples.

Statistical Analysis

A power analysis initially was conducted to determine
the sample size required. A sample size of five per group
resulted from calculations using chemiluminescence val-
ues at the end of reperfusion and a standard deviation
similar that used in our previous study,?’
0.05, and a power level of 0.8.

Data were analyzed using SPSS statistical software (Sta-
tistical Package for the Social Sciences, Chicago, IL)
using two-way analysis of variance, with repeated-mea-
sures analysis of variance for within-subject factors. Sim-
ple contrasts were used for between-subject factors. For
within-subject factors, Helmert contrasts were used to
analyze chemiluminescence, vascular resistance, and ox-
ygen consumption; reverse Helmert contrasts were used
to analyze LDH and TBARS levels. Because postischemic
values were compared with their preischemic levels, we
used the Dunnett test for post hoc analysis.** Probability
values less than 0.05 were considered significant. All
values are reported as the mean + SEM.

an « level of

Results

Chemiluminescence
Control Conditions. Chemiluminescence values did

not change during the 3-h period of perfusion at normo-
thermia (fig. 1).
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Fig. 2. Chemiluminescence values for iso-
lated perfused rat livers subjected to one
of three conditions: (1) normothermia
(38°C, n = 6); (2) mild hypothermia
(34°C, n = 5) during 30 min of perfusion
before ischemia (preischemia), 2.5 h of
ischemia (no flow), and 3 h of reperfu-
sion; or (3) reperfusion hypothermia
(normothermia during preischemia and
ischemia, followed by mild hypothermia
during reperfusion; n = 6). Temperatures
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were kept at the specified level by perfu-
sion of a normothermic or hypothermic
perfusate, as appropriate, air surface
cooling, or both. Chemiluminescence
was measured from the surface of the
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liver using a single photon-counting
technique. All values are expressed as
counts/s. (A) Average chemilumines-
cence values for each group, by minute,
during reperfusion. (B) Average chemilu-
minescence values * SEM for 5-min in-
tervals at the end of the preischemic pe-
riod, at the beginning of reperfusion, and
every 30 min during reperfusion. P <
0.05 *for within-group changes; tsignifi-
cant between normothermia and mild
hypothermia; fsignificant between mild
hypothermia and reperfusion hypother-
mia; and +significant with respect to pre-
ischemia.

60 90

Preischemia

Normothermia versus Mild Hypothermia. Before
ischemia, chemiluminescence did not differ between
normothermic and mildly hypothermic livers. After isch-
emia, normothermic livers had an increase in chemilu-
minescence that did not occur in mildly hypothermic
livers (fig. 2). For normothermic livers, chemilumines-
cence peaked at the beginning of reperfusion and re-
mained higher than baseline (preischemia) throughout
reperfusion. For the mildly hypothermic group, how-
ever, chemiluminescence was significantly lower at all
time points during reperfusion.

Reperfusion Hypothermia versus Mild Hypother-
mia. Livers subjected to mild hypothermia during only
reperfusion had significantly lower chemiluminescence
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120

Reperfusion Time (min)

values before ischemia than livers subjected to mild
hypothermia during all three periods (P = 0.001; fig. 2).
Chemiluminescence did not differ at 30, 60, and 90 min
of reperfusion for the two groups.

Vascular Resistance

Control Conditions. Vascular resistance did not
change until 150 min of the 3-h period of normothermic
perfusion, when it increased moderately (fig. 1).

Normothermia versus Mild Hypothermia. Preisch-
emic vascular resistance did not differ for these two
groups, nor did it differ at O min of reperfusion. During
reperfusion, vascular resistance increased significantly
(P < 0.001) in normothermic livers (fig. 3). In contrast,
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Fig. 3. Vascular resistance for the three
groups of rat liver preparations de-
scribed in figure 2. Vascular resistance
(in mmHg - ml™" - min~— ') was calculated
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as the quotient of perfusion pressure and 0
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vascular resistance did not change in mildly hypothermic
livers. By 30 min of reperfusion, vascular resistance
was significantly lower in mildly hypothermic livers
(P < 0.05) and remained so during the rest of reperfu-
sion.

Reperfusion Hypothermia versus Mild Hypother-
mia. For the reperfusion hypothermia group, vascular
resistance was no different during reperfusion than at
baseline (preischemia; fig. 3). When this group was com-
pared with the mildly hypothermic group, vascular re-
sistance did not differ before ischemia or at 0 min of
reperfusion. At 30 and 60 min of perfusion, however,
vascular resistance was greater for the reperfusion hypo-
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thermia livers. At 90 and 120 min of reperfusion, vascu-
lar resistance did not differ between the two groups.

Lactate Debydrogenase Efflux

For the mildly hypothermic group, LDH efflux did not
change from its preischemic level (P = 0.996; fig. 4).
The normothermic group had a significant elevation only
at 0 min of reperfusion (P < 0.001). The reperfusion
hypothermia group had significant changes (P < 0.05) at
0 and 60 min of reperfusion.

Thiobarbituric Acid Reactive Substances Efflux
Although nonspecific with respect to the oxidized
reactive species, TBARS efflux is an indicator of lipid

B

202 Yot €} uo 3sanb Aq pd'52000-000¥0666 L -27S0000/290L6€/€01 L/7/06/3Pd-8]01e/ABO|0ISBUISBUE/WOD JIUDIBA|IS ZESE//:dRY WOl papeojumoq



1108

ZAR ET AL.

5000 —— ——

4000 + p

3000

)

-1

2000

~.min

1000

0 r a5

-1000

TBARS Efflux Rate
1
| =

(picomoles.

N

[ Normothermia *
[ 1 Mild hypothermia
Bl Reperfusion hypothermia

Fig. 4. The efflux rate of lactate dehydro-
genase for the three groups of rat liver
preparations described in figure 2. Lac-
tate dehydrogenase was measured from
the perfusate at the beginning and the
end of preischemia, at the beginning and
) the end of reperfusion, and every 30 min
N during reperfusion. Plotted values are
group averages * SEM. P < 0.05 *for with-
in-group changes; +significant with re-
spect to preischemia.
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peroxidation and therefore generally considered a useful
indicator of oxidative stress.”’ Levels of TBARS were
significantly greater (P = 0.008) for the normothermic
group than for the mildly hypothermic group only at 0
min of reperfusion (fig. 5). Efflux of TBARS was signifi-
cantly less for the mildly hypothermic group than for the
reperfusion hypothermia group only at 0 and 30 min of
reperfusion. There were no other differences between
groups at other times.

Oxygen Consumption
For the normothermic group, oxygen consumption
before ischemia and during reperfusion did not differ
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(P = 0.647; fig. 6). For the mildly hypothermic group,
oxygen consumption increased only at 120 min of reper-
fusion (P = 0.015). Differences between groups were
not significant for any time point.

Discussion

Mild hypothermia was very effective at preventing the
postischemic increase in chemiluminescence that was
seen in the normothermic group. Unenhanced chemilu-
minescence, as performed in this study, is a sensitive,
real-time measure of lipid peroxidation.'”'® Therefore,

: Fig. 5. The efflux rate of thiobarbituric
‘ acid reactive substances (TBARS) for the
three groups of rat liver preparations de-
scribed in figure 2. Levels of TBARS (an
indicator of lipid peroxidation and there-
fore oxidative stress) were measured
from the perfusate at the beginning and
the end of preischemia, at the beginning
and the end of reperfusion, and every 30
min during reperfusion. Plotted values
are group averages * SEM. P < 0.05 *for
within-group changes; ftsignificant be-
- tween mild hypothermia and reperfu-
sion hypothermia; +significant with re-
spect to preischemia.

120
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nificantly (P < 0.05) in oxygen consump- S Ll ST
tion at any time point. P < 0.05 *for with- 5
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we can conclude that lipid peroxidation is effectively
suppressed by mild hypothermia and that mild hypother-
mia may offer protection through this mechanism.

Mild hypothermia also prevented the increases in
vascular resistance that were observed during reper-
fusion of normothermic livers. Such increases, also
known as microcirculatory perfusion failure or the
no-flow phenomenon, may be a source of secondary
ischemic injury.”#1°

Mild hypothermia was more effective in suppressing
the increases in chemiluminescence that occurred at
reperfusion when cooling was initiated before ischemia
rather than later, at reperfusion. Some of this ability
appears to be based on events occurring during isch-
emia. The ability of hypothermia initiated at reperfusion,
however, to suppress the initial chemiluminescence
peak in normothermic livers during reperfusion may
result from a limitation of lipid peroxidation in a specific
subpopulation of cells.

Preischemic chemiluminescence was less in the reper-
fusion hypothermia group, and this may account in part
for the apparent blunting of the reperfusion chemilumi-
nescence peak. Alternatively, reperfusion hypothermia
may only delay the inevitable enhanced lipid peroxida-
tion reaction seen in normothermic livers. Reperfusion
hypothermia inhibited the development of vascular in-
jury during reperfusion, although not as effectively as
mild hypothermia did.

Previous studies showed that the no-reflow phenome-
non is due in large part to endothelial injury.® The
endothelium is only one cell thick and is the first group
of cells to come in contact with the hypothermic per-
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fusate. These cells are probably more rapidly and effi-
ciently cooled and protected than cells farther from the
hepatic vasculature. The endothelial cells also have the
highest oxygen concentrations, because they are the
cells closest to the oxygenated perfusate. In normother-
mic ischemia, reperfusion first damaged the endothelial
cells and then the hepatocytes.”” The early chemilumi-
nescence peak may be generated by the endothelial
cells, and suppression of this peak may represent pro-
tection of the endothelium from oxidative stress. This
hypothesis merits further investigation.

In our study, mild hypothermia prevented increases in
lipid peroxidation (as measured by chemiluminescence)
and reperfusion vascular resistance. Lefer et al® found
that endothelial dysfunction in vascular rings depended
on reperfusion time and could be blocked with super-
oxide dismutase. In another study, the development of
no reflow could also be blocked in the in vivo rat liver
with superoxide dismutase.” Previous work with this
model showed that superoxide dismutase could de-
crease lipid peroxidation, as measured by chemilumines-
cence, thus confirming the oxygen free radical nature of
the signal.** Superoxide dismutase also decreased reper-
fusion vascular resistance.”* In this experiment, mild
hypothermia prevented the increase in reperfusion
chemiluminescence that was accompanied by mainte-
nance of normal vascular tone.

Lipid peroxidation does not affect vascular resistance
in a strict dose-response manner. A greater instanta-
neous rate of lipid peroxidation does not result in a
greater instantaneous vascular resistance. Rather, the
amount of lipid peroxidation appears to affect the extent
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of overall vascular injury with corresponding changes in
vascular resistance.”* Mild hypothermia may exert much
of its protective effect by preventing the reperfusion
increase in oxygen-free radicals and the subsequent vas-
cular injury that leads to microcirculatory perfusion fail-
ure.

Karibe et al”’ studied this hypothesis in a rat stroke
model. Mild intraischemic hypothermia (33°C) reduced
postischemic hyperperfusion and delayed postischemic
hypoperfusion in rats subjected to 3 h of occlusion of
the middle cerebral artery. Karibe et al>° later found
that mild intraischemic hypothermia could suppress
consumption of the endogenous antioxidants glutathi-
one and ascorbate. Antioxidant consumption is an indi-
rect measure of oxidative stress. That is, the greater the
level of oxidant species, the greater the consumption of
antioxidants. In this model, we directly measured oxi-
dant stress by chemiluminescence and simultaneously
measured vascular resistance. We believe this to be the
first direct demonstration that mild hypothermia can
suppress the oxidant stress associated with reperfusion
and the subsequent development of vascular injury
caused by that stress.

Lipid peroxidation may affect vascular resistance by
several mechanisms. After reperfusion of an ischemic
vascular bed, basal-induced and agonist-induced release
of the vasodilator nitric oxide is decreased. This effect
appears to be mediated by superoxide generated during
reperfusion.”” Superoxide also can scavenge nitric oxide
during reperfusion, thus further increasing vascular re-
sistance Sl

In addition, after hepatic ischemia, the vasoconstric-
tors’ platelet-activating factor”” and endothelin®® are pro-
duced. Platelet-activating factor levels could be de-
creased with allopurinol, implicating, in part, a
superoxide-dependent mechanism.*” Ischemia-reperfu-
sion also changes hepatic prostaglandin metabolism. Su-
peroxide more effectively inhibits the vasodilating pros-
taglandins PGG and PGH and prostacyclin PGI,
synthetases than thromboxane A, synthetase.*' The net
effect of these interactions is to favor the production of
vasoconstricting thromboxanes.>"

Reduced metabolic rate, as manifested by reduced
oxygen consumption, is often noted as an important
protective mechanism of hypothermia.”***33% In our
study, oxygen consumption did not differ at any time
during perfusion. It is unlikely that mild hypothermia
confers its protective effect from gross reduction of
metabolic oxygen consumption in this model.

Lactate dehydrogenase is released by cells during isch-
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emia'? or after cell lysis, and it is often used as a marker
of cell injury. The LDH efflux rate did not change in the
mildly hypothermic livers. In the normothermic livers,
the LDH efflux rate was increased only at 30 min of
reperfusion. Similarly, in the reperfusion hypothermic
livers, the LDH efflux rate was somewhat increased dur-
ing the first 60 min of reperfusion. These livers were
subjected to normothermic ischemia, just as their nor-
mothermic counterparts were, and exhibited a similar
pattern of LDH efflux. The LDH efflux rate appeared to
be reduced by mild hypothermia, indicating possible
protection from ischemic injury.

In conclusion, mild hypothermia probably exerts pro-
tective effects during ischemia and reperfusion. Mild
hypothermia prevented reperfusion lipid peroxidation
and the subsequent development of hepatic vascular
injury. Prevention of such injury by suppression of oxi-
dative stress may be an important protective mechanism
of mild hypothermia. Mild hypothermia may be another
intervention that can keep the production of reactive
oxygen species to less than the threshold needed to
cause cellular injury through microcirculatory perfusion
failure and lipid peroxidation.

References

1. Safar P, Abramson NA, Angelos M, Cantadore R, Leonov Y, Levine
R, Pretto E, Reich H, Sterz F, Stezoski S, Tisherman S: Emergency
cardiopulmonary bypass for resuscitation from prolonged cardiac ar-
rest. Am J Emerg Med 1990; 8:55-67

2. Buchan A, Pulsinelli WA: Hypothermia but not the N-methyl-D-
aspartate antagonist, MK-801, attenuates neuronal damage in gerbils
subjected to transient global ischemia. J Neurosci 1990; 10:311-6

3. Busto R, Globus MY, Dietrich WD, Ginsberg MD: Effect of mild
hypothermia on ischemia-induced release of neurotransmitters and
free fatty acids in the rat brain. Stroke 1989; 20:904-10

4. Minamisawa H, Nordstrom CH, Smith ML, Siesjo BK: The influ-
ence of mild body and brain hypothermia on ischemic brain damage.
J Cereb Blood Flow Metab 1990; 10:365-74

5. Marion DW, Obrist WD, Carlier PM, Penrod LE, Darby JM: The
use of moderate therapeutic hypothermia for patients with severe head
injuries. A preliminary report. ] Neurosurg 1993; 79:3354 - 62

6. Shiozaki T, Sugimoto H, Taneda M, Yoshida H, Iwai A, Yoshioka
T, Sugimoto T: Effect of mild hypothermia on uncontrollable intracra-
nial hypertension after severe head injury. ] Neurosurg 1993; 79:363- 8

7. Koo A, Komatsu H, Tao G, Inoue M, Guth PH, Kaplowitz N:
Contribution of no-reflow phenomenon to hepatic injury after isch-
emia-reperfusion: Evidence for a role for superoxide anion. Hepatology
1991; 15:507-14

8. Lefer AM, Tsao PS, Lefer DJ, Ma XL: Role of endothelial dysfunc-
tion in the pathogenesis of reperfusion injury after myocardial isch-
emia. FASEB J 1991; 5:2029-34

9. Chun K, Zhang J, Biewer H, Ferguson D, Clemens MG: Microcir-
culatory failure determines lethal hepatocyte injury in ischemic/reper-
fused rat livers. Shock 1994; 1:2-9

____ﬁ

20 Yot €} uo 3sanb Aq 4pd'5z000-00070666 L -27S0000/290L6€/€0 1 L/7/06/4Pd-8]01e/ABO|OISBU)SBUE/WOD JIBUYDIBA|IS ZESE//:d)Y WOl papeojumo]




N

MILD HYPOTHERMIA FOR POSTISCHEMIC VASOCONSTRICTION

10. Vollmar B, Glasz J, Leiderer R, Post S, Menger MD: Hepatic
microcirculatory perfusion failure is a determinant of liver dysfunction
in warm ischemia-reperfusion. Am J Pathol 1994; 145:1421-31

11. Baiping L, Xiujuan T, Hongwei C, Qiming X, Quling G: Effect of
moderate hypothermia on lipid peroxidation in canine brain tissue
after cardiac arrest and resuscitation. Stroke 1994: 25:147-52

12. Ernster L: Biochemistry of reoxygenation injury. Crit Care Med
1988; 16:947-53

13. Safar P: Resuscitation from clinical death: Pathophysiologic lim-
its and therapeutic potentials. Crit Care Med 1988: 16:923- 41

14. Siesjo BK: Mechanisms of ischemic brain damage. Crit Care Med
1988; 16:954 - 63

15. Hamilton RL, Berry MN, Williams MC, Severinghaus EM: A sim-
ple and inexpensive membrane ‘lung’ for small organ perfusion. J Lipid
Res 1974; 15:182-6

16. Pretto E: Cardiac function after hepatic ischemia-anoxia and
reperfusion injury: A new experimental model. Crit Care Med 1991:
19:1188-94

17. Boveris A, Cadenas E, Reiter R, Filipkowski M, Nakase Y, Chance
B: Organ chemiluminescence non-invasive assay for oxidative radical
reactions. Proc Natl Acad Sci U S A 1980; 77:347-51

18. Boveris A, Cadenas E, Chance B: Ultraweak chemiluminescence: A
sensitive assay for oxidative radical reactions. FASEB J 1981; 40:195-8

19. Lemasters JJ, Stemkowski CJ, Ji S, Thurman RG: Cell surface
changes and enzyme release during hypoxia and reoxygenation in the
isolated perfused rat liver. J Cell Biol 1983; 97:778 - 86

20. Ohkawa H, Ohnishi N, Yagi K: Assay for lipid peroxide in animal
tissues by thiobarbituric acid reaction. Anal Biochem 1979; 95:351-8

21. Zar H, Pretto E: Postischemic hepatic lipid peroxidation, moni-
tored by chemiluminescence, depends on duration of ischemia. Trans-
plant Proc 1996; 28:2958 - 60

22. Winer B, Brown D, Michels K: Statistical Principles in Experi-
mental Design. New York, McGraw-Hill, 1991

23. Tomita I, Sawa M, Munakata T, Tanaka K, Kasai S: The beneficial
effect of dibutyryl cyclic adenosine monophosphate on warm ischemic
injury of the rat liver induced by cardiac arrest. Transplantation 1996;
62:167-73

Anesthesiology, V 90, No 4, Apr 1999

24. Zar HA, Tanigawa K, Kim Y-M, Lancaster JR Jr: Rat liver post-
ischemic lipid peroxidation and vasoconstriction depend on ischemia
time. Free Radic Biol Med 1998; 25:255-64

25. Karibe H, Zarow GJ, Graham SH, Weinstein PR: Mild intra-
ischemic hypothermia reduces postischemic hyperperfusion,
delayed postischemic hypoperfusion, blood-brain barrier disrup-
tion, brain edema, and neuronal damage volume after temporary
focal cerebral ischemia in rats. J Cereb Blood Flow Metab 1994:
14:620-7

26. Karibe H, Chen SF, Zarow GJ, Gafni J, Chan PH, Weinstein PR:
Mild intraischemic hypothermia suppresses consumption of endoge-
nous antioxidants after temporary focal ischemia in rats. Brain Res
1994; 649:12-8

27. Lefer AM, Lefer DJ: The role of nitric oxide and cell adhesion
molecules on microcirculation in ischaemia-reperfusion. Cardiovasc
Res 1996; 32:743-51

28. Bautista A, Spitzer J: Inhibition of nitric oxide formation in vivo
enhances superoxide release by the perfused liver. Am J Physiol 1994;
266:G783-8

29. Zhou W, McCollum MO, Levine BA, Olson MS: Inflammation and
platelet-activating factor production during hepatic ischemia/reperfu-
sion. Hepatology 1992; 16:1236-40

30. Goto M, Takei Y, Kawano S, Nagano K, Tsuji S, Masuda E,
Nishimura Y, Okumura S, Kashiwagi T, Fusamoto H, Kamada T: Endo-
thelin-1 is involved in the pathogenesis of ischemia/reperfusion liver
injury by hepatic microcirculatory disturbances. Hepatology 1994;
19:675-81

31. Davies MG, Hagen PO: The vascular endothelium. Ann Surg
1993; 218:593- 609

32. Leonov Y, Sterz F, Safar P, Radovsky A, Oku KI, Tisherman §,
Stezoski SW: Mild cerebral hypothermia during and after cardiac arrest
improves neurologic outcome in dogs. J Cereb Blood Flow Metab
1990; 10:57-70

33. Rosomoff HL: Protective effects of hypothermia against patho-
logical processes of the nervous system. Ann N Y Acad Sci 1959;
80:475-86

¥20Z YoIen €| uo3sanb Aq 4pd'5z000-000¥0666-27S0000/290.L6€/€0 1 L/7/06/4Pd-8|o1e/ABOjoISayISBUE /W0 IeYDIaA|IS ZeSE//:dRY WOy papeojumoq




