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ABSTRACT

Hypothermia may be an ideal neuroprotective intervention in
hypoxic-ischemic encephalopathy after perinatal asphyxia. The
present study describes the long-term effects of prolonged resus-
citative whole-body hypothermia initiated 2 h after hypoxic-
ischemic injury on brain morphology and neuropsychological
behavior in 7-d-old rats. After right common carotid artery
ligation and exposure to hypoxia of 8% O, for 105 min, 10
animals were kept normothermic at 37°C and 10 animals were
cooled to 30°C rectal temperature for 26 h, starting 2 h after the
hypoxic-ischemic insult. All hypoxic-ischemic animals were ga-
vage fed to guarantee long-term survival. Neuroprotection was
evaluated by magnetic resonance imaging and behavioral testing.
Hypothermia significantly reduced the final size of cerebral
infarction by 23% at 6 wk after the insult. The most extended
tissue rescue was found in the hippocampus (21%, p = 0.031),
followed by the striatum (13%, p = 0.143) and the cortex (11%,
p = 0.160). Cooling salvaged spatial memory deficits verified at
5 wk of recovery with Morris Water Maze test; whereas circling
abnormalities after apomorphine injection and sensory motor
dysfunctions on rotating treadmill improved, yet did not reach
statistical significance. When compared with controls, hypoxic-

Perinatal asphyxia represents, according to the definition of
the American Academy of Pediatrics and American College of
Obstetricians (1), a profound, hypoxic-ischemic insult in the
human fetus and newborn with a high rate of permanent
neuropsychological damage and mortality. A severe acute
insult may predominantly affect the thalami, the basal ganglia,
the hippocampus, and the brain stem with relative preservation
of the cerebral cortex and the subcortical white matter (2).
After birth, the clinical signs of perinatal asphyxia include
neurologic abnormalities such as coma, seizures, or hypotonia,
combined with cardiopulmonary compromise. The newly born
infant often requires resuscitation and rapid transfer to the
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ischemic animals performed worse in all behavioral tests. Hypo-
thermia did not influence functional outcome in controls. Signif-
icant correlations between behavioral performance and
corresponding regional brain volumes were found. We conclude
that 26 h of mild to moderate resuscitative hypothermia leads not
only to brain tissue rescue, but most important to long-lasting
behavioral improvement throughout brain maturation despite
severity of injury and delayed onset of cooling. (Pediatr Res 51:
354-360, 2002)

Abbreviations
MRI, magnetic resonance imaging
HI, hypoxia-ischemia
T,WI, T,-weighted imaging
DWI, diffusion weighted imaging
MWM, Morris Water Maze
IH, ischemia with hypothermia
IN, ischemia with normothermia
CH, control with hypothermia
CN, control with normothermia

tertiary center for injury severity evaluation and neurologic
intensive care. Such support could include specific interven-
tions for hypoxic-ischemic encephalopathy 1 or 2 h into the
reperfusion phase from cerebral HI. Despite the fact that
perinatal asphyxia closely corresponds to experimental models
of cerebral HI, where successful neuroprotective interventions
were introduced, presently no agent has been proven useful to
ameliorate the chronic handicapping conditions of perinatal
asphyxia in the clinical setting (3).

In the present clinical situation, neuroprotection can at best
be initiated hours after perinatal asphyxia. Such a postischemic
or resuscitative neuroprotective measure is hypothermia, which
has been explored since the 1950s. The first clinical trials were
reported after perinatal asphyxia (4, 5), and cardiac arrest (6).
Eventually, postischemic hypothermia was abandoned because
the trials lacked control conditions and because it was shown
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that constant warm ambient temperature significantly reduced
mortality in premature newborns (7). In the 1980s, postisch-
emic hypothermia was revived because it ameliorated brain
damage in animal studies (8). Initial enthusiasm, however, was
dampened by the fact that in adult rats, resuscitative hypother-
mia of short duration (30°C for 3 h) merely delayed the
ultimate loss of hippocampal neurons 2 mo later (9). On the
other hand, deep hypothermia in adult dogs showed an unfa-
vorable outcome compared with normothermic controls, due to
systemic side effects of deep hypothermia (10). Finally, pro-
longation (5-48 h) of mild to moderate resuscitative hypother-
mia in subsequent studies resulted in larger therapeutic win-
dows (initiation of cooling delayed up to 12 h after insult) and
persistent neuroprotection (2—6 mo) in adult gerbils and rats
(11, 12).

In the immature brain, studies of successful postischemic
hypothermia either used no interventional delay (13, 14), or
long-term benefits of delayed hypothermia were not docu-
mented (15, 16)—both factors being of major clinical interest
in the treatment of perinatal asphyxia. Because differences in
interventional delay or in outcome measures between animal
model and clinical setting may partly explain the notorious
failure of neuroprotective treatments in humans despite impres-
sive success in animal models (17-19), we felt compelled to
adjust our previously used neonatal animal model to the clin-
ical situation before investigating in clinical trials (20). In
addition, the results obtained in adult animals cannot directly
be transposed onto neonatal animals because the latter are more
resistant to HI and show a faster evolution of the injury
thereafter (3).

The aim of this study was to test whether delayed resusci-
tative total body cooling of 26 h duration after severe HI in
neonatal rats would a) reduce brain damage and b) minimize
long-lasting functional deficits throughout brain maturation
and into adulthood.

METHODS

The animal studies were approved by the Animal Care and
Experimentation Committees of the States of Zurich and Bern,
Switzerland. Guidelines for animal care, research and ethics
published by the Swiss National Academy of Medical Sciences
were strictly adhered to.

Model of cerebral HI. Our animal preparation was derived
from that developed by Rice (21), and has been extensively
studied by our group (20, 22—24). In brief, a total of 34 7-d-old
Sprague-Dawley rats with body weight of 17 = 0.6 g (mean =
SEM) underwent right common carotid artery ligation under
anesthesia (0.5%—1% halothane in a 70%:30% mixture of
N,0:0,). After ligation, the animals were returned to their
dams and placed in a specially designed cage, which main-
tained a constant rectal temperature by servoregulating the
water temperature in the cage walls. Rectal temperature was
found to be representative of the brain temperature in the
7-d-old rat (25, 26). One hour after surgery, neonatal rats were
placed in a box where hypoxia with 8% oxygen (and 0.5%
halothane) was maintained for 75 min at 37°C rectal temper-
ature. Another 30 min of hypoxia were added while performing
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the first MRI. After a total of 105 min of hypoxia, all animals
were returned to their dams in the temperature-controlled cage.
Two hours after insult, one group of animals (group IN; n =
17) was maintained at 37°C rectally for another 26 h, whereas
a second group of animals (group IH; n = 17) was cooled to
30°C rectally and kept at this temperature for 26 h. The
temperature was confirmed by repetitive measurements with a
rectal probe. Nesting rectal temperature of 7-d-old rats may
vary due to their reduced homeostatic thermoregulatory re-
sponse. We chose “normothermic” temperature to be 37°C
rectally, to unify postischemic temperature in group IN like in
other neonatal animal studies of postischemic hypothermia;
and corresponding to the actual clinical practice in human
newborns. After 26 h of normothermia or hypothermia, respec-
tively, all animals were brought back to normal cages for the
rest of the experiment at ambient room temperature of 25°C,
50% humidity and a 12-h day/night cycle.

In previous experiments, we noted that 7-d-old pups with 90
min of hypoxia after carotid ligation would die 5 d later due to
poor suckling and persistent weight loss (20). To obtain long-
term survival despite very severe cerebral insult, all hypoxic-
ischemic pups were intermittently gavage fed for partial nutri-
tional support, as suggested by the principle of permissive
underfeedings in acute illness (27). The nutritional support
consisted of 0.5 mL of formula feedings (commercially avail-
able condensed milk) started 6 h after hypoxia and continued
every 6 h for 2 d, and then slowly weaned over 3 d depending
upon weight gain. The total amount of formula given was
similar for both groups IN and IH.

Group IN as well as group IH were supplemented by control
animals (groups CN and CH, n = 14 each) in such a way that
each dam raised 2-3 hypoxic-ischemic pups together with 3—4
controls. We refrained from evaluating an additional group of
animals with carotid artery ligation only, inasmuch as it has
been demonstrated that ligation neither produced brain damage
(22) nor functional impairments (13, 28, 29). A total of 62 rats
were used in the experiment. In group IN (IH, respectively), 5
(6) rats died during MRI and 2 (1) rats during gavage feedings.
The high mortality rate during initial MRI was the result of the
very severe cerebral insult combined with anesthesia necessary
for good imaging quality.

Magnetic resonance imaging. Repetitive T,WI and DWI
was used to document the dynamics of brain edema and
infarction, analogous to previous studies of combined MRI and
histopathology (20, 22-24). MRI was performed in all animals
of groups IN and IH; at the end of HI, and at 2, 12, and 24 h,
as well as at 10 and 42 d of recovery. During the MR
procedure, the animals were kept in a thermoregulated animal
holder under anesthesia, and rectal temperature was controlled.
T,WI were acquired with a multislice rapid acquisition with
relaxation enhancement (RARE) technique (30), with time to
repeat (TR) = 4 s, RARE factor = 16, and interecho interval
= 22 ms resulting in an effective echo time TE 4 = 252 ms.
The matrix size was 256 X 128 (pixel dimensions 156 X 312
wm) and the field of view (FOV) = 4 cm?. DWI was performed
with stimulated echoes using the following acquisition param-
eters: TE = 18 ms, TR = 2 s, diffusion weighting factor b =
1290 s/mm?, matrix size = 128 X 64, FOV = 4 cm” (31). The
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slice packages for the T,WI and DWI consisted of eight
1.5-mm-thick slices in the axial plane interleaved by a 0.3-mm
gap, covering the entire brain. All measurements were per-
formed on a 2 TESLA (T) whole-body MR system (Bruker-
Medical, Faellanden, Switzerland) equipped with an actively
shielded gradient insert with 33-cm bore, maximal gradient
strength of 30 mT/m and 150 s rise time. Fractional extent of
brain edema or infarction was calculated from MR images on
each slice and summed to yield the entire volume of the lesion.
In DWI, the hyperintense regions were interpreted as cytotoxic
edema and hypointense regions as vasogenic edema, whereas
in T,WI vasogenic edema and tissue liquefaction appeared
hyperintense. The extent of the lesion size was determined by
measuring the hyperintense area in DWI at 0, 2, 12, and 24 h
after injury, and in T,WI at 10 and 42 d after insult. To
correlate functional performance with morphologic outcome at
42 d, T,WI, residual volumes of ipsilateral and contralateral
cortex, hippocampus, and striatum were calculated with the
same procedure as described for the fractional extent of total
brain lesion. The brain regions were identified from MRI by
comparison with standard histologic slices from the atlas of
Paxinos.

Behavioral testing. Weekly behavioral tests were performed
by one person in the same quiet research facility during the
morning hours. Because MRI and histopathology showed pre-
dominantly damages to the cortex, the striatum, and the hip-
pocampus, three corresponding behavioral testing procedures
were chosen: sensory motor function testing for cortical integ-
rity, circling behavior for striatal function, and spatial memory
for hippocampal testing. Spatial memory was assessed by a
modified MWM test (28) performed 5 wk after the insult. A
square tub (length 65 cm, height 50 cm) was filled to a depth
of 20 cm with 20°C water, and milk was added to decrease
visual cues. A platform was placed 1.5 cm below the water
surface and kept at the same location. One trial consisted of
placing the rat by hand into the water facing an extramaze cue.
If the rat successfully localized the submerged platform by
climbing on it, the time was noted. The rat was permitted to
recover at the warm extramaze cue for 1020 s before the next
trial was started. If the animal was unsuccessful in locating the
platform, the trial was terminated after 120 s of swimming. The
test ended as soon as the cumulative swimming time surpassed
360 s, or when the rat had 10 trials. The escape latency, i.e. the
average time per trial and animal, was then calculated.

Sensory motor functions were evaluated by using a treadmill
test (Rota-Rod treadmill with diameter of 7 cm, and 50 cm
above ground) 4 wk after the insult (32). For adaptation, the
animals were placed first on the silent treadmill for 30 s, and
then the rotating treadmill was set in motion at a constant speed
of 18 turns per minute. If the animal fell off the treadmill, the
timer stopped and the animal was placed back on the treadmill
for another trial. Each animal was given five trials, with a
maximum time of 300 s per trial.

Circling behavior was assessed 6 wk after the cerebral insult
by systemic application of apomorphine. As dopamine agonist,
apomorphine induces potent circling behavior in animals with
unilateral striatal lesions (32). Immediately after intraperito-
neal injection of apomorphine hydrochloride in saline (1 mg/kg
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i.p.; Sigma Chemical St. Louis, MO, U.S.A.), the animals were
placed in automated rotometer cylinders (Columbus Instru-
ments, Columbus, OH, U.S.A.) and monitored for 60 min.
Complete turns were quantified by a computer (Videomax,
Columbus Instruments) (33). The first 10 min were omitted
from analysis. During the residual 50 min, all clockwise rota-
tions were subtracted from counterclockwise rotations and the
final sum of asymmetrical rotations was calculated. The abso-
lute value of the final sum was taken for group analysis to catch
both ipsi- and contralateral pathologic circling behavior.

Statistical analysis. Statistical analysis was performed with
StatXact 4.0.1 (Cytel Software, Cambridge, MA, U.S.A.). The
evolution of the lesion extensions was analyzed after rank
transformation using two-way-ANOVA for repeated measure-
ments, and pair-wise comparisons in the post hoc analysis were
performed with the Student-Newman-Keuls method. For com-
parisons of the behavioral tests and of the residual brain
volumes, two-sided exact tests were performed (Wilcoxon-
Mann-Whitney or Wilcoxon-Gehan test). Correlation of re-
gional brain volumes with corresponding behavioral perfor-
mance was analyzed with Spearman’s test. All values are mean
+ SEM.

RESULTS

The hypothermic animals tolerated the cooling without ap-
nea or shivering. During the hypothermic experiment, group IH
had significantly lower rectal temperatures than group CH
(29.8 = 0.2°C versus 31.3 = 0.1°C, p < 0.001). This temper-
ature difference was probably due to hypoxic suppression of
the homeostatic metabolic response to hypothermia (34). Dur-
ing normothermia, group IN had comparable rectal tempera-
tures to group CN (both with 36.7 = 0.1°C).

Magnetic resonance imaging. The temporal evolution of
the brain lesion, assessed by MRI (T,WI and DWI) was
described previously in detail (20, 24). In brief, at the end of
the hypoxic period, an extensive cytotoxic edema covered the
entire cortex, hippocampus, basal ganglia, thalamus ipsilateral
to the ligation, which was similar in size in both groups IN and
IH (47 = 3% and 45 = 4% of total brain volume in groups IN
and IH, respectively) (Figs. 1 and 2). Occasionally, parts of the
contralateral cortex and hippocampus were affected. After 2 h
of recovery, the cytotoxic edema resolved almost completely,
leaving only the central core lesion in the cortex (second image
of Fig. 1). Core size was similar for the two groups (10.6 =
2.6% and 6.4 £ 1.7% of total brain volume in groups IN and
IH, respectively) (Figs. 1 and 2). During the next hours, the
edema expanded reaching a second maximal extent at 24 h of
recovery. Ten days after the insult, high signal intensity on
T,WI indicated tissue resorption; and 42 d after the insult, the
infarction resulted in complete tissue loss in the ipsilateral
parietal and cingulate cortex, and parts of hippocampus, basal
ganglia, and thalamus. Delayed hypothermia led to a reduction
of the lesion size (expressed as percentage of total brain
volume) throughout the whole observation period (36 * 4%,
43 = 3%, 27 = 3%, 39 = 2% in group IN versus 22 = 3%, 35
* 2%, 20 = 2%, 30 = 2% in group IH; 12 h, 24 h, 10 d, and
42 d after insult) (Figs. 1 and 2). Significant reductions were
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Figure 1. Evolution of brain edema/infarction with magnetic resonance
diffusion (DWI, first row) and T,-weighted imaging (T,WI, second row) in a
representative 7-d-old rat pup after right common carotid artery ligation and
8% O, exposure for 105 min. Images taken at the end of hypoxia-ischemia (0
h); 2, 12, and 24 h, and 10 and 42 d after insult. (4) Animal recovered in
normothermic conditions for 28 h. (B) Two hours after normothermic recov-
ery, animal was cooled to 30°C rectal temperature for 26 h.
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Figure 2. Evolution of edema and infarction size after experimental cerebral
HI in 7-d-old rats, determined by MR imaging. Open square = normothermia;
filled square = hypothermia delayed 2 h. The extent of the initial cytotoxic
edema at 0 h and 2 h after HI was similar in both animal groups. However,
delayed resuscitative hypothermia (30°C rectal temperature for 26 h) signifi-
cantly reduced edema size at 12 h as well as infarction size at 42 d after insult.
*p < 0.05 compared with normothermia. Values are mean = SEM.

found 12 h and 42 d after severe insult of the neonatal brain,
corresponding to a final adult brain tissue savings of 23% (30%
lesion size in group IH versus 39% in group IN). Differences of
rescued brain tissue in respect to size and region could be
observed (Fig. 3). Residual volumes (mm®) of affected ipsilat-
eral and intact contralateral hippocampus (group IN 8§ = 3 and
103 = 19; group IH 28 = 7 and 107 = 7), striatum (group IN
47 = 9 and 151 = 12; group IH 61 = 8 and 157 = 7), and
cortex (group IN 96 = 23 and 603 = 17; group IH 150 = 31
and 591 = 23) were calculated from the d 42 MRI. The largest
rescue was found in the hippocampus (21% tissue savings, p =
0.031). The smaller rescues in cortex (11%, p = 0.160) and in
striatum (13%, p = 0.143) did not reach statistical significance.
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Figure 3. Regional differences in delayed hypothermic rescue 42 d after
experimental cerebral HI in neonatal rats. Light shaded bars = normothermia;
dark shaded bars = 2 h delayed hypothermia. Twenty-six hours of 30°C
hypothermia reduced significantly brain damage in the hippocampus, whereas
reduction in the striatum or cortex did not reach significance. *p < 0.01

compared with normothermia.

Table 1. Effects of delayed hypothermia on behavioral performance

Spacial memory Circling behavior Sensory motor

(s) (turns) functions (s)

Groups (1)

Group IN (10) 101 =4 51 %13 256 = 107

Group IH (10) 61 * 12 37 =19 328 99

Group CH (14) 337 82 539 £ 118

Group CN (14) 359 6=*1 599 * 84
p Values

IN vs. IH 0.026 0.31 0.62

IN vs. CN 0.000 0.001 0.001

IH vs. CH 0.025 0.02 0.08

CN vs. CH 0.94 0.38 0.36

Morris Water Maze test (escape latency in seconds) was used to assess
spatial memory; systemic apomorphine (sum of asymmetrical rotations) for
circling behavior; and treadmill test (treadmill performance in seconds) for
sensory motor functions. Values are mean + SEM.

Behavioral tests. The results of behavioral tests are summa-
rized in Table 1. Control animals did not demonstrate any
behavioral differences between group CN and group CH.
Group IN showed inferior performance in all behavioral tests
when compared with group CN. Delayed hypothermia signif-
icantly shortened escape latency of hypoxic-ischemic animals
(group IH versus group IN); however, latency remained sig-
nificantly longer when compared with healthy animals (group
IH versus group CH). Although not quantified by videocamera
recording and computer analysis, group IN did not demonstrate
any difficulties with swimming or with platform climbing. On
the contrary, group IN showed speedy and stereotyped swim-
ming, whereas groups CN and CH revealed a more quiet and
varied zigzag swimming behavior. Total body cooling also
improved sensory motor dysfunctions and circling abnormali-
ties (group IH versus group IN); however, this difference did
not reach statistical significance.

Comparing brain morphology with function, significant cor-
relations could be found between MWM test performance and
hippocampal residual volume, between treadmill test perfor-
mance and cortical residual volume, and between apomorphine
test performance and striatal residual volume (Fig. 4).
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Figure 4. Correlation of behavioral performance with corresponding ipsilat-
eral regional brain volume after cerebral HI. Open squares = normothermia;
filled squares = 2 h delayed hypothermia; open triangles = controls. In
controls, regional brain volume was estimated as 100% of contralateral side.
(A) Spatial memory vs. hippocampal volume; » = —0.657, p < 0.001. (B)
Sensory motor functions vs. residual cortical volume; » = 0.471, p < 0.001.
(C) Circling behavior vs. striatal volume; » = —0.644, p < 0.001.

DISCUSSION

The hypothesis of this study was that prolonged resuscitative
hypothermia (30°C for 26 h) would not only limit morphologic
damage, but would improve long-lasting functional deficits
seen after severe hypoxic-ischemic insult in the neonatal brain,
even if initiation of hypothermia were delayed by 2 h. In fact,
brain infarction was reduced by 23% at 6 wk after the insult
and the largest tissue rescue was found in the hippocampus. In
addition, cooling significantly diminished spatial memory def-
icits, known to depend mainly upon hippocampal damage.
These data demonstrate that despite severe cerebral HI and
delay of postischemic hypothermic intervention, resuscitative
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total body cooling for 26 h significantly improved long-term
neurobehavioral achievements when tested during the subse-
quent phase of brain maturation and even into adulthood.

So far, therapeutic interventions of hypothermia after severe
hypoxic-ischemic injury of the immature animal brain have
remained controversial. When applying short duration of mild
cooling immediately after the cerebral insult, either no effect
(25, 35, 36), or only short-term protection was found (26,
37-41), which, considering the very delayed cell death ob-
served after hypothermia in adult animals (12), may be tran-
sient. Long-term brain tissue protection was obtained when
immediate, postischemic hypothermia (32°C) was prolonged
for 6 h after neonatal HI; however sensory motor dysfunctions
did not diminish (13). And when delaying onset of cooling (6
h) after the insult, the morphologic improvements were lost 3
wk later, despite prolonged use of mild hypothermia for 66 h
(14). Further studies with delayed onset (5 h) and selective
head cooling (32°C for 72 h) in fetal lambs demonstrated
short-term neuronal salvage 5 d after insult, but did not exam-
ine protracted neuroprotective effects (15, 16).

The current study was the first to achieve long-lasting
behavioral improvement when using delayed and prolonged
resuscitative total body hypothermia after severe cerebral HI to
the neonatal brain. Our findings are in agreement with the
results of the only adult study documenting behavioral benefits
up to 6 mo after delayed hypothermia (11). Taken together,
these studies showed that effective and possibly permanent
functional advantages could be obtained if mild to moderate
hypothermia (30-32°C) was induced within 1-2 h after hy-
poxic-ischemic injury and if it was applied over a prolonged
time period of at least 24 h. When extrapolating from morpho-
logic studies in adult animals, it is likely that a larger degree or
further prolongation of cooling might improve behavioral res-
cue and/or widen the therapeutic window (12).

On the other hand, prolonged cooling might increase the risk
of hypothermic side effects, reducing neuroprotective benefits
(10). Our study was not designed to look at various hypother-
mic side effects. If present, however, these side effects did not
influence measured outcome variables, inasmuch as group CH
showed identical behavioral performance when compared with
group CN (Table 1). Our study represents the only published
safety study in regard to hypothermic impact on behavior,
because other studies of long-term functional outcome after
postischemic hypothermia did not compare hypothermic with
normothermic controls (11, 13). Nevertheless, given the mul-
titude of factors that affect neuroprotection, it is evident that the
optimal hypothermic parameters for best outcome at minimal
side effects will have to be worked out in the clinic.

Our observation of significantly impaired functions in ani-
mals after neonatal cerebral hypoxic-ischemic insult were con-
sistent with the findings of previous studies reporting impair-
ment of spatial memory (28), circling behavior (32, 42), or
sensory motor functions (29, 32) in the same animal model. We
purposely chose behavioral tests adapted to the young age of
the animal, which have previously been shown to unravel
behavioral deficits at specific time points after cerebral HI in
the 7-d-old rat animal model (28, 32). These criteria were also
fulfilled by the modified MWM test used here, which con-
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trasted with more sophisticated setups used in older animals
allowing for additional precision measure by the spatial probe
task, and allowing for sensory motor deficits control by visible
platform task (43). In fact, by using a whole battery of func-
tional tests in the present study, hypoxic-ischemic animals
were found to have significant sensory motor deficits and
circling abnormalities, both possibly contributing to the pro-
longed escape latency found in the modified MWM test.
However, because hypothermia significantly shortened latency
without improving treadmill performance or circling behavior,
and because there was a significant correlation between latency
and residual hippocampal volume, we conclude that improve-
ment in spatial memory is most likely the reason for the
observed hypothermic rescue of escape latency.

Our observation of weak but significant correlations between
individual behavioral performance and residual brain volume
(Fig. 4) confirmed other studies reporting correlations between
magnitude of behavioral impairment and respective tissue
damage for hippocampus (43), striatum (33), and cortex (29).
In contrast, other studies have shown a discrepancy between
histologic damage and functional impairment, and several
factors may potentially obfuscate this relationship (11, 44). The
risk of nonlinear relationship between morphology and func-
tion, as well as the risk of loss of neuroprotective effectiveness
by interventional delay, may demand preclinical evaluation of
the therapeutic window and of the long-term behavioral ben-
efits of any agent with neuroprotective features. Omission of
such experimental testing may contribute to the high failure
rate actually seen in clinical drug trials (3, 19). As a matter of
fact, the authors found in the literature only three other suc-
cessful neuroprotective measures after cerebral ischemia in
adult animals, which were able to produce long-term functional
improvements (>4 wk) after delayed onset of intervention (>1
h) (11, 45, 46).

Interesting to note are the regional differences of hypother-
mic rescue found in the current study. This may directly relate
to regional graduation of injury severity in the animal model.
Because the brain protective effect of cooling depends upon
severity of insult, a less injured hippocampus may have prof-
ited more than cortex or striatum. In the same animal model,
Bona et al. (13) also reported a hippocampal preference in
hypothermic recovery, whereas a model of global ischemia
lacked any regional preference (15, 16).

New insights into the effects of postischemic hypothermia in
the immature and adult brain support the use of delayed
neuroprotective resuscitation. Postischemic cooling acts on
several early and late mechanisms such as preservation of
mitochondrial respiration rates (47), amelioration of delayed,
secondary energy failure and lactate accumulation (20, 39),
blunting of excitatory amino acids and nitric oxide release (48),
improved recovery of somatosensory evoked potential ampli-
tude and of normal coupling of cerebral metabolic rate (49),
and specific inhibition of apoptosis (37). In summary, postisch-
emic hypothermia is likely to exert synergistic neuroprotective
effects through preservation of energy metabolism and reduc-
tion of toxic metabolites.

In conclusion, hypothermia is presently the most promising
resuscitative intervention with significant neuroprotection. It
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even allows postischemic interventional delay, as would be the
case in the clinical situation, without loss of long-term effec-
tiveness. The preclinical evaluation of hypothermic rescue
after acute cerebral HI in the immature brain appears now to be
in an advanced stage and strongly supports collaborative eval-
uation of total body cooling in human newborns suffering from
perinatal asphyxia.
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