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Since hypothermia may be a potential treatment for perinatal
cerebral hypoxic-ischemic injury, we used an established neona-
tal model of hypoxia-ischemia to determine the time after injury
at which cooling had the best protective effect. Fourteen-day-old
Wistar rats were subjected to right carotid artery ligation and
hypoxia (8% O2 for 90 min). Immediately at the end of hypoxia
(defined as 0h), animals were either maintained at normal body
temperature until sacrifice (normothermia) or subjected to hypo-
thermia. In a preliminary study, the effects of a reduction in
temperature and the duration of such cooling were investigated;
animals were cooled (until brain temperature reached 33°C or
30°C) for 2, 4, or 6 h commencing immediately after hypoxia. In
a second study, animals were cooled (brain temperature 30°C)
for 6 h commencing at either 0, 2, 4, or 6 h after the end of
hypoxia. Sham-operated animals were used as controls. Twenty-
four hours after hypoxia-ischemia, cerebral energy metabolism
was measured by phosphorus magnetic resonance spectroscopy,
and at 5 d cerebral infarction was measured by planimetry. In

normothermic animals the ratio of phosphocreatine/inorganic
phosphate (PCr/Pi) had fallen markedly 24 h following hypoxia-
ischemia. In contrast, animals cooled between 6 and 12 h dis-
played high PCr/Pi ratios similar to those in control animals.
Similarly, after 5 d, infarct area was significantly reduced only in
animals cooled between 6 and12 h after injury. These results
indicate that cooling between 6 and 12 h after hypoxia-ischemia
is more effective in reducing cerebral injury than other cooling
regimes and suggest that the physiologic events during this
period are critical for understanding cerebral infarction. (Pediatr
Res 51: 13–19, 2002)

Abbreviations
31P MRS, phosphorus magnetic resonance spectroscopy
PCr, phosphocreatine
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Term infants who suffer significant hypoxia-ischemia (HI)
during birth later develop cerebral injury and neurodevelop-
mental impairment that may in the severest cases prove fatal.
Studies using phosphorus magnetic resonance spectroscopy
(31P MRS) have demonstrated that these babies usually possess
normal cerebral energy metabolism soon after resuscitation,
but impaired oxidative phosphorylation, measured as the ratio
of the concentrations of phosphocreatine/inorganic phosphate
(PCr/Pi), develops some 24 h later as demonstrated by a low
PCr/Pi that persists for many days (1). This delayed impair-
ment of energy metabolism was not due to continued HI, nor
was it associated with intracellular acidosis (2), but its magni-

tude was linearly related to the severity of later impairment and
reduced brain growth (3).

A similar pattern of changes has been observed in neonatal
animal models of HI (4–6). Recently, we have shown that
changes comparable to those observed in human term infants
occur in a neonatal rat model of HI (5, 7). Thus, in the
7-day-old rat, HI produces a severe disruption of cerebral
energy metabolism during the insult, which resolves on reoxy-
genation. However, there is a second decline in energy metab-
olites beginning some 10 to 12 h after the insult (5, 7). The
decrease in PCr/Pi at 10 to 12 h is related to outcome; animals
with a more severe impairment of energy metabolism develop
more extensive cerebral injury on the basis of histologic ex-
amination (5). Therefore, this model provides us with a useful
experimental system to investigate the underlying mechanisms
that control cerebral energy metabolism.

The importance of cerebral temperature during and imme-
diately after HI in determining outcome has been highlighted
by a number of studies (8–12). Hypothermia during HI has
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been shown to prevent or delay HI brain injury (9, 13–17).
However, evidence for a potential beneficial effect of postinsult
hypothermia in neonatal animal models of HI has been con-
flicting, with studies showing varying degrees of protection for
different periods and depths of hypothermia (18–20). More-
over, as the mechanisms of cerebroprotection remain unknown,
optimal cooling conditions have proved difficult to establish.

Since the definition of a critical period for the application of
hypothermia might help determine the mechanism of action,
the aim of this study was to investigate whether mild or
moderate hypothermia, the length of the cooling period, or the
period of time before initiation of cooling is initiated affected
the outcome. Using an established neonatal rat model of HI and
delayed energy failure (5), this study investigated the effect of
postinsult hypothermia to see if commencing and ending cool-
ing at different times and at different target temperatures within
the first 12 h after a hypoxic-ischemic insult altered the degree
of cerebral damage. The two outcome measures were cerebral
energy metabolism, measured as PCr/Pi ratio at 24 h after the
hypoxic-ischemic insult, and planimetry to determine the ex-
tent of tissue infarction at 5 d.

METHODS

In Vivo Experiments

Wistar dams and their litters were maintained on a 12-h
cycle of light and dark with food and water freely available.
Fourteen-day-old pups of either sex weighing 25–34 g were
removed from the litters for preparation and study, and re-
turned to be suckled by their dams at all other times. All animal
procedures used done in accordance with the Home Office
guidelines and specifically licensed under the Animals (Scien-
tific Procedures) Act, 1986 (U.K.). Anesthesia was induced and
maintained with halothane (5% and 1% to 2%, respectively) in
oxygen:nitrous oxide (1:1). Animals underwent ventral midline
cervical incision and permanent right carotid artery ligation,
with the procedure lasting 5–6 min. Animals were allowed to
regain consciousness and were then placed in a Perspex box
within a standard neonatal incubator (Vickers plc, U.K.) at 34
� 0.5°C with a relative humidity of �80% in air. After 60 min,
hypoxia was induced by rapidly changing the air in the incu-
bator to 8% oxygen/92% nitrogen for 90 min at the same
temperature and humidity. Animals were then removed, and
either returned to their dam immediately or following a defined
period of hypothermia.

Brain Temperature Measurement

Brain temperature was continuously measured in one animal
in each experimental group using a telemetric temperature-
monitoring probe. Under halothane anesthesia, a brain temper-
ature probe (length 3mm, model XM-FM, Mini-Mitter, Sunri-
ver, OR, U.S.A.) was implanted through a small burr hole in
the skull into the right hippocampus (3.0 mm anterior and 4.0
mm laterally to the interaural line), and secured with dental
cement. The animal was allowed to recover and was kept with
the experimental animals. An FM receiver (Model TR3000,
Mini-Mitter) that was placed in the incubator and interfaced to

a computer allowed brain temperature to be recorded continu-
ously. At the end of each experiment, the animal was killed and
temperature probe placement confirmed by direct visualization
of the probe after coronal sectioning.

Hypothermia

To induce hypothermia, animals were placed in a purpose-
built Perspex box surrounded by a water jacket through which
cooled water was constantly passed. The temperature inside the
box could be accurately controlled by altering the temperature
of the circulating water. Animals were placed in small wire
boxes within the cooling box to keep them separate during the
period of cooling.

31P Magnetic Resonance Spectroscopy

MRS was performed using a 7T Bruker Biospec magnetic
resonance spectrometer (Bruker, Germany) operating at 121.6
MHz for 31P. A two turn elliptical (5 � 10 mm) surface coil
with the major axis parallel to the midline was placed on the
right side of the shaven vault of the head to completely cover
the expected region of cerebral damage. The volume of brain
assessed was predominantly the right forebrain hemisphere
such that the anterior margin of the coil lay at a point corre-
sponding to approximately 2 mm anterior to the bregma and
the posterior margin at a point corresponding to the lambdoid
suture of the skull, to a depth of approximately 5 mm. The
corresponding volume of interest was approximately 100 mm3.

The homogeneity of the static magnetic field was optimized
for each subject using the proton MRS water signal. Fully-
relaxed 31P spectra were then obtained using a single pulse
acquisition, a 10 second repetition time, and a 180° flip angle
at the coil center. A total of 128 summed free induction decays
were obtained for each spectrum. The spectra were analyzed
using semi-automatic Lorentzian fitting by �2 minimization in
the frequency domain, and the relative concentrations of PCr
and Pi were calculated. The concentration ratio PCr/Pi was
used as a measure of cerebral phosphorylation potential. Data
were collected from individual animals while they were anes-
thetized with halothane (0.8–1.2%) and gently restrained on a
purpose-built platform introduced into the bore of the magnetic
resonance spectrometer. In all experimental groups, spectra
were obtained 24 h after HI. MRS measurements were ob-
tained as quickly as possible to minimize the changes that
could possibly affect results and temperature was controlled
during measurements so that any changes were kept to a
minimum

Histologic Assessment

Five days following HI, animals were killed with pentobar-
bitone (i.p. 30 mg·kg�1) and transcardially perfused with
25–30 mL 0.9% NaCl followed by 25–30 mL paraformalde-
hyde (PFA, 4% wt/vol in 0.9% NaCl). Brains were then
removed and fixed overnight in 4% PFA at 4°C and then
transferred to 15% (wt/vol) sucrose in PBS (4°C). Specimens
were routinely dehydrated in serial alcohols and paraffin was
embedded before sectioning. Sections (10 �m) were cut at a

14 TAYLOR ET AL.



point corresponding to between 2.6 and 3.2 mm anterior to the
interaural line to show the dorsal hippocampus and neocortex
[21 day old; (21)].

Hematoxylin and eosin staining was performed on sections
using standard techniques for Cole’s hematoxylin. Planimetry
was used to quantify the extent of the infarct. Images encom-
passing the entire section were captured using 1� magnifica-
tion, then processed using an image analysis system (Image
Proplus, Datacell, Reading, UK). Infarcts were measured as
surface areas by planimetry in the same brain region for each
animal according to a neuroanatomy atlas as described by us in
earlier (5). For each animal, the area of infarction was delin-
eated manually (by an observer blinded to the experimental
conditions) and a quantitative index of damage was derived by
the following formula to take into account tissue shrinkage due
to selective neuronal loss:

% area of infarct �
�area left side � viable area right side�

�area left side�
� 100

Infarct data were expressed as a mean area of brain obtained
from at least three sections per animal.

Experimental Design

Effect of ambient temperature on cerebral temperature.
Preliminary studies were performed to determine the relation-
ship between ambient and brain temperatures. Animals im-
planted with a temperature probe were placed at different
ambient temperatures and brain temperature was measured
continuously. The information obtained from these studies was
then used to ascertain the ambient temperatures required to
achieve mild and moderate hypothermia (brain temperatures of
33°C and 30°C, respectively).

Effect of the depth and duration of hypothermia initiated
immediately after HI. First, we examined the effect on infarct
size of different periods of either mild or moderate hypother-
mia initiated immediately after HI. Three groups of animals
were studied: 1) hypoxic-ischemic animals maintained normo-
thermic (n � 12); 2) hypoxic-ischemic animals with immediate
mild hypothermia (brain temperature 33°C) (n � 21); and 3)
hypoxic-ischemic animals with immediate moderate hypother-
mia (brain temperature 30°C) (n � 23) (Fig. 1A).

Animals were subjected to HI as described above. Immedi-
ately after hypoxia (time 0 h), animals in the normothermic
group were removed from the hypoxic chamber and placed
with their dam until euthanization (Fig. 1A: N). For immediate
mild hypothermia, animals were removed from the hypoxic
chamber and placed in the cooling box to achieve a brain
temperature of 33°C for between either 0 and 2 (n � 7), 0 and
4 (n � 6), or 0 and 6 (n � 8) hours after hypoxia, after which
they were returned to their dam. In the studies of moderate
hypothermia, animals were placed at a lower ambient temper-
ature to achieve brain temperature of 30°C for between either
0 and 2 (n � 6), 0 and 4 (n � 8), or 0 and 6 (n � 9) hours
posthypoxia. Five days after the initial insult, animals were
killed and brain tissue was subsequently prepared for planim-
etry as described earlier.

Effect of moderate hypothermia initiated at defined times
following HI. After determining a period of cooling that
reduced cerebral injury effectively, a second series of experi-
ments was undertaken to see if hypothermia initiated at differ-
ent times during the first 12 h after HI was protective against
tissue injury. As in the previous studies, delayed impairment of
cerebral energy metabolism was measured by 31P MRS 24 h
after HI, and the brains were examined histologically at 5 d.

Figure 1. Experimental protocol for hypothermia experiments. Hypothermia was initiated either immediately after hypoxia (A) or at different times within 12 h
of hypoxia (B). The end of the 90 minute hypoxic period is classed as time 0 h. Normothermic animals (N) were not cooled and were returned to their dam until
killed at 5 d. Hypothermic animals were placed in the cooling box for the periods indicated by the horizontal bars. MRS was performed at 24 h after hypoxia
and planimetry at 5 d.
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Four groups of animals were studied: 1) hypoxic-ischemic
animals which were cooled for a period of 6 h starting at
different times after HI (n � 39) (Fig. 1B). 2) hypoxic-ischemic
animals which were cooled for 6 h immediately after HI (i.e.
0–6 h; n � 10); 3) normothermic hypoxic-ischemic animals (n
� 11); and 4) sham-operated animals (i.e. with anesthesia and
surgery, but without carotid artery ligation or hypoxia; n � 11).

Animals cooled between either 2–8 (n � 10), 4–10 (n �
14), or 6–12 (n � 15) hours after hypoxia were replaced with
their dam at the end of the hypoxic insult (0 h) and then
transferred into the cooling box at the defined time after
hypoxia.

Statistical Analysis

Infarct data were checked for normality, transformed appro-
priately, and analyzed by ANOVA using the Bonferroni mul-
tiple comparison test. MRS data were found to fit a skewed
distribution, and the results were transformed before analysis
using a zero-skewness log transformation of the form y �
ln(x�k) where y is the transformed variable, x the original
value, and k a coefficient estimated by Newton’s method with
numeric uncentered derivatives, which allows the skewness of
the transformed distribution to be close to zero: k � 3.6196.
Calculations were made using STATA statistical software
(Statacorp, College Station, TX, U.S.A.).

RESULTS

Effect of Ambient Temperature on Brain Temperature

Direct measurement of brain temperature in the 14-d-old rat
showed that ambient temperature exerted marked effects on
brain temperature (Fig. 2). When an animal was kept at an
ambient temperature of 34°C (i.e. the temperature in the incu-
bator during hypoxia), the resulting brain temperature was
between 36–37°C. Transferring the animal immediately to the
cooling box at an ambient temperature of 21°C caused brain
temperature to decrease rapidly, reaching about 33°C after
25–30 min. When the ambient temperature was returned to
34°C, brain temperature increased, recovering to a level similar
to that observed before the cooling period. A lower ambient
temperature (e.g. 18°C in Fig. 2) reduced brain temperature
even further. By adjusting the ambient temperature within the
cooling box, brain temperature could be lowered as desired and
kept constant throughout the duration of the cooling period.
Ambient temperatures within the box of approximately 21–
22°C and 17–18°C reduced brain temperature to 33°C (mild
hypothermia) and 31°C (moderate hypothermia), respectively.

Effect of Mild and Moderate Hypothermia Initiated
Immediately After HI

Cerebral HI resulted in infarction of forebrain tissue in the
region of the middle cerebral artery on the side of carotid artery
ligation only. In normothermic animals that were returned to
their dam immediately after the insult (brain temperature of
approximately 35°C), over 85% of the tissue on the ipsilateral
hemisphere was infarcted 5 d after HI (86.9 � 2.5%; mean �
SEM; n � 12; Fig. 3). The longer periods of both mild and

moderate hypothermia initiated immediately after HI signifi-
cantly reduced infarct area when compared with normother-
mia. The area of tissue infarction in animals with moderate
hypothermia for 0–6 h after HI was reduced to 63.9 � 3.6% (p
� 0.05). There was no significant difference in infarct size
between mild and moderate hypothermia at any of the cooling
times (Fig. 3).

Effect of Moderate Hypothermia Initiated at Different
Times After HI

Control (sham-operated) animals had a mean (� SEM)
PCr/Pi of 1.64 � 0.03 (n � 11) (Fig. 4). At 24 h after HI,
PCr/Pi was lower in normothermic hypoxic-ischemic animals
(1.13 � 0.01; p � 0.001), indicating a phase of delayed energy
impairment. The mean PCr/Pi values for animals cooled be-
tween 0 and 6, 2 and 8, 4 and 10, and 6 and 12 h after HI were
1.45 � 0.07, 1.27 � 0.09, 1.38 � 0.12, and 1.65 � 0.08,
respectively. Only cooling between 6 and 12 h after HI resulted
in PCr/Pi higher than in normothermic hypoxic-ischemic ani-
mals (p � 0.005) and similar to PCr/Pi in sham-operated
controls.

Five days after HI, the infarct area was measured in the same
animals (Fig. 5). In this series, HI in normothermic animals
resulted in 65.2 � 2.2% infarction of the tissue on the ipsilat-
eral side. Only cooling between 6 and 12 h after HI signifi-
cantly reduced infarct area compared with normothermia to
30.2 � 3.3% (p � 0.001).

Normothermic hypoxic-ischemic animals that had a lower
PCr/Pi ratio at 24 h developed larger infarct areas at 5 d (Fig.
6). PCr/Pi and infarct area were also correlated in hypothermic

Figure 2. Brain temperature in a 14-d-old rat subjected to changes in ambient
temperature. Brain temperature was measured directly with a probe implanted
into the right cerebral hemisphere. The animal was kept at 34°C before being
transferred to the cooling box (at 21 or 18°C; horizontal bars indicate duration
of cooling) to induce hypothermia.
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animals, those with higher PCr/Pi tended to have smaller areas
of tissue infarction. When data from all experimental groups
(i.e. not including the sham controls) was pooled (Fig. 6), there
was a significant correlation between PCr/Pi and infarct size (r
� 0.658; p � 0.001).

DISCUSSION

The present study has shown that hypothermia after hy-
poxic-ischemic injury to the developing brain reduces cerebral
damage. Outcome was assessed by measuring cerebral energy
metabolism at 24 h and tissue infarction at 5 d. Our findings
suggest that cooling between 6 and 12 h after HI is more
effective at reducing both tissue infarction and the severity of
delayed energy impairment than cooling immediately after the
insult. In agreement with our previous observations (5), the
severity of delayed energy impairment was related to infarct
size.

Focal infarction following HI in the developing brain is a
well-characterized and widely used experimental marker of
perinatal hypoxic-ischemic injury. This study used 14-d-old
rats because at this age, brain development is considered to
be comparable to that of a human infant at term (22). Using
this model, hypothermic treatment requires that pups are
separated from their dam for several hours, implying that
hypoglycemia might modulate cerebral damage. However,
similar studies have shown that this may not be a major

problem because blood glucose and lactate levels in exper-
imental hypothermic animals do not differ from those in
controls (20, 23).

Figure 3. Effect of defined periods of hypothermia initiated immediately after
HI on infarct size at 5 d. Mean infarct area expressed as a percentage of the
right side of the brain (� SEM) in normothermic animals (N), or those cooled
at 0–2, 0–4, or 0–6 h after HI with a brain temperature of 33°C (gray
columns) or 30°C (black columns). The longer cooling times significantly
decreased infarct area when compared with normothermic animals. * p � 0.05.

Figure 4. PCr/Pi values for individual animals in each experimental group.
31P MRS was used to determine PCr/Pi ratios in each rat at 24 h after cerebral
hypoxia ischemia. Sham (S), normothermic HI (N), and cooling (brain tem-
perature 30°C) between 0 and 6, 2 and 8, 4 and 10, and 6 and12 h after the end
of HI. The horizontal line in each data set represents the median PCr/Pi value
for that group.

Figure 5. Effect of different cooling times on infarct size at 5 d. Mean infarct
area measured by planimetry and expressed as a percentage of the right side of
the brain (�SEM) in normothermic (N) and hypothermic animals (* p � 0.05
compared with normothermic animals).
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Cerebral temperature was continuously measured using a tele-
metric probe, which allowed accurate instantaneous recording
within the region of the brain that is primarily affected by the
hypoxic-ischemic insult. Implantation of the probe in the same
region and to the same depth each time reduced the possible
influence of the temperature gradients known to exist within the
brain (24). Brain temperature measurements in one animal
throughout each experiment were taken as representative of the
whole litter and allowed accurate control of the degree of hypo-
thermia. 31P MRS was used to measure cerebral energy metabo-
lism 24 h after the hypoxic-ischemic insult. PCr/Pi values deter-
mined in this study were similar to those found previously (5, 6),
suggesting that the small MRS surface coil localized the data to
the area of injury with reasonable precision.

Delayed impairment of cerebral energy metabolism after HI is
associated with disrupted oxidative phosphorylation and increased
intracellular redox potential (7) that manifest as low PCr/Pi,
increased cerebral lactate concentration, and normal or slightly
increased intracellular pH (2). Previous studies in the 14-d-old rat
have shown that delayed impairment of energy metabolism starts
by 10 h after the initial hypoxic-ischemic insult and persists for at
least 48 h (5). In the present study, PCr/Pi values 24 h after HI in
normothermic hypoxic-ischemic animals were similar to those
previously reported (5), suggesting that at this time these animals
were in the phase of delayed energy impairment. This disruption
of oxidative phosphorylation after HI was reduced by postinsult
hypothermia, but only if cooling was commenced at 6 h and ended
12 h after HI. The groups of animals cooled at other times did not
show such an effect. The PCr/Pi values for animals cooled be-
tween 4 and 10 h were more widely scattered, with some having
values similar to animals cooled between 6 and 12 h (i.e. with

PCr/Pi ratios similar to sham/control animals) and others having
much lower values. These findings may suggest that the period
when cooling is most effective at improving energy metabolism is
after 6 h following the insult, so animals cooled between 4 and
10 h may only have a few hours when cooling is most effective,
which in most cases may be insufficient to provide protection
against secondary impairment and resulting damage.

Five days following HI, normothermic animals developed a
large area of tissue infarction on the side of the injury only.
Postinsult hypothermia reduced infarct area, with longer periods
of cooling providing progressively increased protection. Although
this is in agreement with the results obtained in adult animals
(25–27), studies using shorter periods of cooling in younger
animals have shown contradictory results. Yager et al. (18) ob-
served no protection with postinsult hypothermia in the 7-d old
rat; however, using the same model, Thoresen et al. (28) found
marked protection with 3 h of postinsult hypothermia. In the first
study experiments were performed while the animals were re-
strained, whereas in the latter study, as in our experiments, rats
were unrestrained. One possibility is that the stress induced by
restraining animals can modulate the protective effect of hypo-
thermia (28). In 21-d-old rats, Sirimanne et al. reported that 6 h of
mild hypothermia immediately after hypoxia-ischemia provided
no protection against cerebral damage (19), while longer periods
of hypothermia (72 h) were protective. In the Sirimanne protocol,
brain temperature during the 6-h period of hypothermia did not
fall below 35°C, whereas in the present study, brain temperature
in the hypothermic group was maintained at either 30°C or 33°C.
It may be that in the earlier study, brain temperatures were not low
enough to provide protection against the severe insult. Alterna-
tively, these differences may reflect the distinct developmental
stages of the two models.

These differences emphasize the importance of not only the
length of cooling and the time of onset after HI, but also of brain
temperature. The importance of these three factors is supported in
our study by the observation that infarct size in normothermic
animals in the first series of experiments (immediate hypothermia)
was greater than that in the second series (delayed hypothermia).
The major difference between the sets of experiments was that in
the second series the ambient temperature of the laboratory was
2°C lower when normothermic pups were replaced with their
dam. Because there is a close relationship between ambient and
cerebral temperatures, it is tempting to speculate that a cooler
laboratory temperature may have reduced brain temperature and
hence cerebral injury. However, we cannot exclude the possibility
that other factors (e.g. minor variations in animal husbandry,
genetic background, and differences in time of separation from the
dam) may also be involved.

In this study, cooling between 6 and 12 h after HI provided
better protection against infarction than immediate cooling.
This protection correlated with the degree of delayed energy
impairment; hypothermic animals with higher PCr/Pi values at
24 h had less injury at 5 d. Colbourne and coworkers have
found similar protective effects of delayed hypothermia using a
four-vessel occlusion model of cerebral ischemia in adults rats
(29). Since delaying the onset of cooling appears to provide
better protection against hypoxic-ischemic injury, hypothermia
may reduce deleterious events that occur during recovery. For

Figure 6. Relationship between cerebral energy metabolism and cerebral
damage. Energy metabolism expressed as PCr/Pi ratios measured at 24 h after
hypoxia-ischemia against infarct area measured at 5 d for all the animals in
each experimental group.
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example, excitotoxicity during reperfusion may be reduced by
postinsult hypothermia. Thus, the 7-fold increase in glutamate
seen in normothermic animals at this time (11) is not observed
in hypothermic animals (30). Similarly, reactive oxygen spe-
cies that are produced during reperfusion after ischemia have
been shown to be involved in cell death (31), and accumulation
of lipid peroxidation products and production of free radicals
can be suppressed by hypothermia (32–35).

We have previously shown that apoptotic cell death occurs
in brain regions sensitive to HI (36) and can be prevented or
reduced with hypothermia (37). Based on our earlier studies,
postinsult hypothermia selectively blocks apoptosis and not
necrotic cell death in neonatal HI (37), although this is not the
case in the adult (38). With this fact in mind, results from the
present study suggest that the point at which cells are commit-
ted to apoptosis has not been reached by 6 h after HI. This
observation widens the therapeutic window available for the
treatment of perinatal HI and also provides the framework to
investigate the nature of the critical mechanism.

In summary, this study has shown that the time of cooling
and the degree of hypothermia are major variables in the
resulting cerebral damage after HI. Specifically, events occur-
ring 6 to 12 h after HI are more susceptible to modulation by
hypothermia. These results have implications for the practical
application of hypothermic neural rescue therapies in birth
asphyxia, and imply that adequate time is available for diag-
nosis before treatment is started, without compromising the
efficacy of this therapy.
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