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Perinatal asphyxia is a major cause of immediate and postponed
brain damage in the newborn. It may be responsible for several
delayed neurologic disorders and, in this respect, early markers of
brain injury would be relevant for therapeutic intervention as well as
for identification of infants at high risk for developmental disabili-
ties. Biochemical measurements (brain F2-isoprostane levels) and
behavioral tests (ultrasonic vocalization pattern on postnatal days
(pnd) 5, 8, and 11, spontaneous motor behaviors on pnd 7 and 12,
and homing response on pnd 10) were performed in a rat model of
global perinatal asphyxia in the immature neonate. Caesarean sec-
tion was performed in rats and the pups, still in uterus horns, were
placed into a water bath at 37°C for either 10 or 20 min. Caesarean
delivered pups were used as controls. Pups experiencing severe (20
min), in contrast to those undergoing the 10 min, asphyctic insult
presented with detectable abnormalities including early (two hours
after the insult) increase in brain F2-isoprostane (a direct marker of
oxidative injury) without detectable changes in PGE2, COX-2 and
iNOS levels, and delayed physical (reduced weight gain on pnd 5
and thereafter) and behavioral disturbances (alterations in ultrasound
emission on pnd 11 and spontaneous motricity levels mainly). These
findings suggest that increased brain F2-isoprostane levels shortly
after the asphyctic insult are predictive of delayed behavioral dis-
turbances in the newborn rat. The present 20-min asphyxia model
might serve for the assessment of preventive and curative strategies

to treat neurologic/behavioral disturbances associated with perinatal
asphyxia. (Pediatr Res 55: 85–92, 2004)
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CNS, central nervous system
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Perinatal asphyxia is a major cause of neonatal mortality and
irreversible damage to the brain. Severe asphyxia may induce
major deficits (cerebral palsy, dystonia, epilepsy) shortly after
birth (1), while mild/moderate asphyxia episodes may result in

cognitive/attentional disorders later on in development. A crit-
ical concept emerging from recent research is that of a “ther-
apeutic window.” namely a narrow period of time between the
insult and the occurrence of CNS injury, during which adop-
tion of neuroprotective strategies could be effective (2, 3). A
primary aim for clinical research is to identify as early as
possible reliable indexes of brain injury in the asphyctic new-
borns to apply potential therapeutic interventions at the optimal
time and to identify those infants at high risk for developmental
delays and disabilities (4).

To date the major advances in the early prediction of hy-
poxic-ischemic insult have been attained by means of EEG and
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evoked potentials (5) and the more recent neuroimaging meth-
odologies such as MRI (6, 7) and MR spectroscopy (8).
However, the predictive value of these techniques in preterms
is limited. Neurologic examination of the newborn may also
provide unique information for an early diagnosis of neuro-
logic disorders (9). In particular, a new approach to clinical
neurologic evaluation of both term and preterm newborns was
introduced by Prechtl (10), based on qualitative observation of
spontaneous motility, which resulted highly correlated with
both presence of brain lesion and neurologic outcome (11). In
addition to these approaches, the identification of potential
biochemical markers – originated within the brain and released
into CSF, blood, or urine after the hypoxic-ischemic insult –
might ultimately represent relevant prognostic and diagnostic
tools for assessing occurrence and severity of brain injury in
the newborn. In this line, two recent studies reported changes
in the serum profile of three brain proteins after birth
asphyxia (12) and increased CSF levels of F2-isoprostanes,
an index of lipid peroxidation, in VLBW infants with white
matter injury (13).

In this study we used a rat model of global perinatal as-
phyxia that mimics an acute intrauterine asphyxia event around
the time of birth (14). Due to the different degree of CNS
maturity at birth between rodents and humans (15), this as-
phyxia model relates more to the condition of the premature
rather than the term human infant (16). In this model, neural
and behavioral alterations have been identified (17–20). Short-
term effects (8 d after induction of asphyxia) involve delayed
cell death in frontal cortex, striatum, and cerebellum (20, 21)
and increased dopamine levels in mesencephalic and telence-
phalic regions (19). Long-term changes involve alterations in
dopaminergic system (22) and in myelination patterns (23), as
well as motor alterations and slight impairments in retention of
a spatial learning task (17). The aim of our investigation was to
assess the occurrence of biochemical alterations in the brain of
asphyctic rat pups shortly after the insult, which could be
related to abnormalities in neonatal behavior patterns, with
respect to ultrasonic vocalization pattern, spontaneous motor
behaviors, and homing response. Given the potential role of
oxidative stress in hypoxic injury (24), and the recent findings
in human infants (13), we chose to analyze changes in brain
level of F2-isoprostanes.

These prostaglandin-like compounds are formed by free
radical-catalyzed peroxidation of arachidonic acid within cell
membranes and they are reliable markers of lipid peroxidation
and oxidative stress in vivo (25). Since their discovery, F2-
isoprostanes, and in particular the 8-epi-PGF2�, a major F2-
isoprostanes formed in vivo, have been successfully used to
investigate the role of oxidative stress in neurodegenerative
and demyelinating diseases (26 and references therein).

MATERIAL AND METHODS

Animals and breeding procedures. Wistar rats were pur-
chased from Charles River Italia (Calco, Italy) and kept in
air-conditioned room at 21 � 1°C and 60 � 10% relative
humidity, with a white red light cycle (white light on from 8.30
to 20.30). One week after the arrival of the rats, breeding pairs

were formed, and after 48 h, females were individually housed
until the 22nd day of gestation, when the caesarean section was
carried out.

Experimental procedures. The experimental protocol was
conducted according to the EC guidelines (EC Council Direc-
tive 86/609 1987) and the Italian legislation, and under per-
mission of the Italian Ministry of Health. Asphyxia was in-
duced in pups delivered by caesarean section on pregnant
Wistar rats, as described by (14). Time-mated female rats
within the last day of gestation were decapitated and the entire
uterus was quickly removed. Use of anesthetic in the dam was
avoided because maternal anesthesia affects the degree of CNS
hypoxia experienced by the neonate. Immediately after hyster-
ectomy, four pups were delivered to be considered caesarean-
delivered (0-min asphyxia) controls, then the uterus horns, still
containing the fetuses were placed in a saline bath at 37°C.
Pups from the same uterus were then removed after 10, or 20
min and stimulated to breath by gently touching them around
the oral and genital areas for approximately 10 min. Fetuses
were assigned randomly to the different asphyxia condition.
Pups were then left to recover for approximately 1 h in a
humidity- and temperature-controlled incubator at 30 � 1°C
(Elmed Ginevri 0GB 1000, Rome, Italy) until fostered by
surrogate mothers that had given birth to healthy litters within
24 h. One male and one female pup were removed within 12 h
after birth from surrogate mothers to obtain a VD (vaginal
delivered) control group (to assess potential effects of the
caesarean section on the behavioral parameters examined) and
compared with the 0-min asphyxia controls. Litters were built
assigning all the pups coming from the same donor mother to
a foster dam, to ensure that fetuses from a donor mother
contributed equally to both behavioral and biochemical analy-
sis. One male and one female from each asphyxia condition
(0-min, 10-min, 20-min) were assigned to a foster dam, to-
gether with one male and one female of VD group (8 pups/
litter, for a total of 10 litters). All the pups from these ten litters
were used for assessment of motor behavior and ultrasonic
vocalization. As for the remaining pups from the same donor
mother, at least one pup (one male and one female whenever
possible) in each asphyxia condition (0-min, 10-min, 20-min),
was sacrificed for biochemical studies. The random procedure
used in assigning pups from the same donor mother to behav-
ioral or biochemical tests excluded any possible bias in build-
ing the two experimental sets of animals. Pups used for the
homing test derived from a previous experiment in which only
male pups were retained within the litter (n � 12 litters).

Preparation of brain homogenates and assessment of bio-
chemical alterations. Pups assigned to biochemical analysis
(0-min, n � 17, 9F, 8M; 10-min, n � 17, 8F, 9M; 20-min, n �
13, 7F, 6M) were decapitated 2 h after birth and brains rapidly
dissected out, snap frozen in liquid N2 and stored at �80°C
until required. Tissue samples were extracted as previously
described (24). Briefly, a single hemisphere from each brain
was weighed (50–100 mg of tissue) and homogenized in 0.5
mL of 50 mM Tris buffer, pH 7.5 containing 10 �g/mL
indomethacin and 10 �M BHT to block COX activity and
spontaneous oxidation, respectively. Homogenates were vig-
orously vortexed and incubated for 5 min on ice before cen-
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trifuging at 14,000 rpm for 45 min. Supernatants were col-
lected and stored at �80°C until required. With this procedure,
only the F2-isoprostanes and not the membrane-bound fraction,
was extracted for a better representation of the metabolite,
which is likely to be naturally released at early times after
asphyxia. Undiluted samples were then tested for F2-
isoprostane and PGE2 content.

The F2-isoprostane 8-epi-PGF2� was measured by a colori-
metric enzyme immunoassay (detection limit: 2 pg/mL; Cay-
man Chemical, Ann Arbor, MI, U.S.A.), according to the
manufacturer instructions. The sensitivity of 8-epi-PGF2� as-
say was improved from 4 to 2 pg/mL, by optimizing the
incubation time of the developing reaction. PGE2 was mea-
sured by a chemiluminescence enzyme immunoassay (detec-
tion limit: 1.6 pg/mL; Assay Design, Inc., Ann Arbor, MI,
U.S.A.). All measurements were done at least in duplicate.

For Western blot analysis tissue samples were homogenized
in 50 mM Tris buffer, pH 7.5 supplemented with 1% NP40,
0.1% SDS, 100 �g/mL PMSF, 30 �g/mL aprotinin, 100 �M
leupeptin, 10 mM NaF, 1 mM EDTA, 1 mM EGTA, 100 �M
Na3VO4) and insoluble material removed by centrifugation
(10,000 � g at 4°C, 10 min). Brain tissue from cortex and
hippocampus of adult rats as positive controls were prepared
with the same procedure. Equals amounts of proteins (50
�g/lane) were separated by 10 or 12% SDS-PAGE and trans-
ferred to nitrocellulose membranes, then blocked with 10%
nonfat milk and incubated with polyclonal anti-iNOS (1:2500)
or anti-COX-2 (1:500) antibodies (Cayman Chemical, Ann
Arbor, MI, U.S.A.) for 1 h at 25°C. Horseradish peroxidase
conjugated anti-rabbit IgG (1:5000, 1 h at 25°C) and ECL
reagents from Amersham (Buckingamshire, UK) were used as
detection system. Purified COX-2 and iNOS were used as
standard controls (0.5 �g/lane).

Spontaneous behavior (pnds 7, 12). One male and one
female pup of each experimental condition from each litter
(VD, n � 10 F, 10 M; 0-min, n � 10 F, 10 M; 10-min, n � 10
F, 10 M; 20-min, n � 10 F, 10 M) were individually introduced
in a glass cylinder (14 cm diameter, 8 cm height) with adsor-
bent paper on the floor kept in an incubator set at 30 � 1°C.
Pups’ behavior was then video-recorded for 15 min. Frequency
and duration of the following behavioral items were collected
(27): Locomotion (forward movements of the body); Laying
still (no visible movements of the body); Head moving (head
raising and head turning); Wall climbing; Twitching (a definite
abrupt twitch of the body, considered a behavioral index of
“active sleep”); Face washing (signs of wiping); Rolling (roll
of the body).

Ultrasonic vocalization (pnds 5, 8, and 11). Ultrasound
recording was carried out as described in (28). One male and
one female pup of each experimental condition (VD, n � 9 F,
9 M; 0-min, n � 9 F, 9 M; 10-min, n � 9 F, 9 M; 20-min, n
� 9 F, 9 M; one litter was excluded from this test for technical
reasons) were removed from each litter and single pup’s
ultrasound were recorded aurally for 3 min in a sound-
attenuating chamber maintained at ambient temperature (28 �
1°C), by using a Bat Detector (QMC Instruments, London, E1
4AA, UK, Model S200, frequency range: 10–180 kHz).

Homing test (pnd 10). Homing test was carried out as
described in (29). Briefly, within each litter, male pups as-
signed to the different experimental conditions (VD, n � 12;
0-min, n � 7; 10-min, n � 7; 20-min, n � 10) were assessed
for their homing response in a Plexiglas arena (36 � 22.5 � 10
cm) maintained at 28 � 1°C, whose floor was subdivided into
15 quadrants. Wood shavings from the home cage were evenly
spread under the wire-mesh floor on one side of the arena and
the pup was placed on the opposite side. The time required for
each pup to place both forelimbs within the goal area and the
number of quadrants entered was recorded (cut-off time 3 min).

Statistical analysis. Statistical analysis was carried out by
means of BMDP software package (version BMDP/dynamic
7.0, Berkeley, CA, U.S.A.). ANOVAs were performed on
parametric data concerning pups’ body weight, ultrasound
vocalization, and spontaneous behavior. The models of analy-
sis included litter as random factor and littermates as repeated
measures of litter (30). Post hoc comparisons after parametric
results were performed by Tukey’s test (31). Biochemical data
were analyzed by parametric methods due to symmetrical
distribution and absence of values out of the detection limit.
Nonparametric tests were used for homing data.

Differences between VD and 0-min asphyxia controls were
evaluated. Data are reported by means and SEM. When mul-
tiple interactions are represented, pooled SEM value was
chosen.

RESULTS

No significant differences were found between VD and
caesarean controls in any of the test performed. Therefore, in
the Result section, and relative figures, only results obtained on
0-min, 10-min, and 20-min asphyxia groups were reported.

Mortality rate and body weight. Survival was 95% follow-
ing 20 min of birth asphyxia and 100% in the 0- and 10-min
asphyxia groups. These survival rates were significantly higher
than those reported by other authors using the same global
asphyxia model, most likely because of differences in the
experimental procedure. At variance with previous studies, we
performed caesarean delivery about six hours before birth, and
not after delivery of the first pup. Furthermore, after resusci-
tation procedure, pups were left to recover in a temperature and
humidity-controlled incubator for 1 h before being given to the
foster mother. During the resuscitation procedure, 20-min as-
phyxia pups presented gasping-like breathing, different color of
the skin, and displayed less movements and vocalizations.
After 1 h from asphyxia their appearance and behavioral
reactivity were comparable to those of 0-min pups. ANOVA
evidenced a significant lower body weight in 20-min asphyxia
pups [main effect of asphyxia: F(2, 42) � 11.78 p � 0.001; p
� 0.01 after post hoc comparisons]. Post hoc comparisons
performed on the significant asphyxia � day interaction [F(6,
42) � 2.42 p � 0.095; p � 0.05 after post hoc comparisons]
yielded a significant decrement in body weight gain in 20-min
pups with respect to 0-min group on pnd 5 and thereafter (Fig.
1). A main effect of sex was found [F(1, 42) � 9.85 p �
0.016], with males weighing significantly more than females.

87EARLY MARKERS OF BIRTH ASPHYXIA IN RATS



Measurements of oxidative and inflammatory markers.
Asphyxia affected 8-epi-PGF2� levels [F(2, 42) � 6,35 p �
0.003]. The levels of 8-epi-PGF2� were significantly increased
in 20-min asphyxia group (p � 0.01 after post hoc compari-
sons), but not in animals subjected to shorter asphyctic epi-
sodes (Fig. 2A). We did not find sex differences in both control
(0.09 � 0.01 pg/mg, females, n � 9; 0.11 � 0.02 pg/mg,
males, n � 8) and 20-min asphyctic (0.24 � 0.07 pg/mg,
females, n � 7; 0.27 � 0.1 pg/mg, males, n � 6) pups. On the

contrary, the levels of PGE2, one of the major prostaglandin’s
synthesized during inflammatory processes, were not altered
after 10 or 20 min of asphyxia when compared with control
animals (Fig. 2B).

In addition, the inducible isoforms of COX (COX-2) and
iNOS were not detectable after the asphyctic episodes (Fig. 3).
COX-2 expression was however detected in homogenates from
adult rat brains. Cortex and hippocampus regions were chosen
for their constitutive expression of COX-2, which begins after
the first postnatal week (29).

Ultrasonic vocalization (pnds 5, 8, and 11). Statistical
analysis was performed separately for pnd 5, 8, or 11 (Fig. 4).
There was no effect of asphyxia on the total number of calls
emitted by pups throughout the 3-min test. However, a signif-
icant change in the pattern of ultrasound emission was evident
on pnd 11 [asphyxia � minute interaction: F(4, 32) � 5.92
p � 0.001]. Post hoc comparisons evidenced a significant
decrement of ultrasonic emission during the first minute in the
20-min asphyxia group (p � 0.05) and then increase of vocal-
ization. No significant interaction with sex was found. Finally,
ANCOVA indicated that differences in ultrasound emission on
pnd 11 were not related to the differences in body weight.

Spontaneous behavior (pnds 7, 12). Perinatal asphyxia af-
fected spontaneous behavior on pnd 7 depending on sex and
time block considered (Fig. 5). A lower duration of Twitching
was found in 20-min asphyctic pups in the second time block
(asphyxia � time block interaction: F(4,36) � 2.68 p �
0.0469; p � 0.05 after post hoc comparisons). Furthermore, a
lower frequency of Laying still events was shown by 20-min
asphyctic male pups in the first 5 min of the test [asphyxia �
sex � time-block interaction: F(4,36) � 2.64 p � 0.049; p �
0.05 after post hoc comparisons]. Locomotion and Head mov-
ing did not appear to be significantly influenced by perinatal
asphyxia. However, as a trend, 20-min asphyctic pups (both
sexes) were more active in the first 5 min of the observation,
[asphyxia � time block interaction: F(4,36) � 2.25 p �
0.082]. In respect to controls, 20-min males displayed a dif-
ferent profile in Head moving duration, while an increase was
found in 20-min female pups [F(4,36) � 2.32 p � 0.075].

ANOVA carried out on data recorded on pnd 12 confirmed
the alterations found on pnd 7 (see Fig. 6). Of notice, at this
developmental stage some behavioral items are markedly sex-

Figure 1. Body weight gain from pnd 1 to 11 of rats subjected at birth to
different periods of perinatal asphyxia (n � 8 in each final group). *indicates
a significant difference between the 0-min and the 20-min group (asphyxia �
day interaction). SEM � �0.27.

Figure 2. Brain levels of 8-epi-PGF2� (A) and PGE2 (B) in control and
asphyctic newborn rats 2 h after global ischemia. **indicates a significant
difference between the 0-min group and the 20-min group (p � 0.01). Male and
female data are pooled. Data are means � SEM.

Figure 3. Expression of COX-2 and iNOS in brain homogenates from control
(lanes 1 and 2) and asphyctic (lanes 3 and 4) newborn rats 2 h after global
ischemia by western blot analysis. Two animals representative of 5 are shown.
Homogenates from cortex (Cx) and hippocampus (Hip) dissected from adult
rat brain were analyzed as positive control for COX-2 expression.
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dimorphic (Locomotion, Head moving and Face washing). As
a general trend, the effects of perinatal asphyxia seem to mirror
these gender differences. Asphyxia significantly affected fre-
quency and duration of Locomotion [asphyxia � sex interac-
tion: F(2,36) � 7.04 p � 0.005, for frequency; F(2,36) � 2.89
p � 0.081, for duration], enhancing this behavior only in
20-min asphyctic females (p � 0.05 after post hoc comparisons
both for frequency and duration). Frequency and duration of
Head moving were affected by perinatal asphyxia in a sex-
related fashion. Post hoc comparisons carried out on the sig-
nificant asphyxia � sex interaction [F(2,36) � 4.98 p � 0.018;
F(2,36) � 6.59 p � 0.007, respectively for frequency and
duration], indicated reduction of this behavior in 20-min as-
phyctic males (p � 0.01). Conversely, Head moving was
enhanced in 20-min asphyctic females (p � 0.01). As for Face
washing frequency, a main effect of asphyxia [F(2,36) � 3.34
p � 0.050] was found. Post hoc comparisons showed a signif-
icant reduction of this behavior only in the 10-min asphyxia
group (p � 0.01). Finally, for Laying still duration, a signifi-
cant asphyxia � sex interaction was found [F(2,36) � 5.74 p
� 0.012], indicating enhanced hypoactivity in 20-min males (p
� 0.01 after post hoc comparison). On the contrary, 20-min
female pups spent less time in inactivity than the other groups
(p � 0.01 after post hoc comparison).

Homing test (pnd 10). No significant differences among the
different experimental conditions were observed in either hom-
ing response or locomotor activity. However, pups in the
20-min asphyxia group tended to take a longer time to reach
the nest-scented area compared with the 0- and 10-min groups,
notwithstanding the number of crossings was comparable in
the three groups (Table 1).

DISCUSSION

To our knowledge this is the first study attempting to relate
an acute index of brain oxidative damage to behavioral sequels,

monitored by analysis of early behavioral patterns, in a rat
model of perinatal asphyxia. Our findings indicate that 20 min
of global intrauterine asphyxia induces a very early increase in
a specific marker of in vivo oxidative damage, such as the
F2-isoprostane 8-epi-PGF2�, that appears to be predictive of
delayed behavioral disturbances.

Oxidative stress, a condition in which free radical generation
overwhelms anti-oxidant defenses, plays a role in the patho-
genesis of several adult and infant brain diseases. F2-
isoprostanes are a class of PG-like compounds, formed by the
direct attack of free radicals on arachidonic acid within cell
membranes, and then released by phospholipase activities.
Since their discovery (25), F2-isoprostanes have been proved to
be specific and relatively stable markers of in vivo lipid per-
oxidation and their detection in brain tissues or CSF used to
monitor the occurrence of oxidative stress in several adult brain
pathologies (26). Recently, the levels of 8-epi-PGF2�, one of
the major F2-isoprostanes formed in vivo, was found increased
in the CSF of preterm infants with white matter damage (13),
suggesting that this marker may be useful also in infant brain
pathologies.

We found that brain levels of 8-epi-PGF2� were significantly
increased in neonatal rats after 20-min global asphyxia. On the
contrary PGE2, one of the major prostaglandin produced dur-
ing inflammation, was not affected by asphyxia. Furthermore,
there was no detectable induction of COX-2 and iNOS expres-
sion in early postasphyxia period; these two enzymes are
responsible for the synthesis of PGs and nitric oxide, respec-
tively, and have been recognized to play a role in adult brain
hypoxic/ischemic damage (32). Although COX-2 expression
has been found in brain sections from human infants, who died
within 1–3 d after birth due to complication associated with
prematurity or birth asphyxia (33) the lack of induction of
COX-2, as well as iNOS, in our model is consistent with the
short time elapsed between asphyxia and tissue sampling (�2
h) and suggests that lipid peroxidation (i.e. F2-isoprostane
formation) occurs rapidly after hypoxia as a result of free
radical production following re-perfusion and in the absence of
an overt inflammatory response.

It is worth noting that COX-2 is normally expressed in
selected neuronal populations of adult rat brain, particularly in
the hippocampus and cortex, but it is detectable after the first
postnatal week (34). This development-dependent expression
of COX-2 is consistent with the absence of COX-2 in brain
homogenates from neonatal rats reported in the present study.

As 8-epi-PGF2a can exert biologic activities via membrane
receptors for another arachidonic metabolite such as thrombox-
ane A2 (25), this lipid peroxidation could also be involved in
the pathogenesis of brain damage after asphyxia. In this line,
increased levels of 8-epi-PGF2� have been proposed to con-
tribute to placental vasoconstriction in preeclampsia (35).

On the behavioral side, we found that newborn rats experi-
encing 20-min asphyxia had reduced weight gain and show
significant alterations in neonatal behavior pattern, such as
ultrasound vocalization and spontaneous motor behavior.

In the rat species, ultrasounds are normally elicited after
separation of the pup from the mother and siblings, and they
have been described as a measure of the emotional distress

Figure 4. Number of ultrasounds emitted on pnds 5, 8, and 11 during a 3-min
period by rats subjected at birth to different periods of perinatal asphyxia (n �
18 in each final group, male and female data pooled). *indicates a significant
difference between the 0-min and the 20-min group. Vertical bar to the left
indicates pooled SEM.
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Figure 5. Duration or frequency of different behavior items displayed by 7-d pups subjected at birth to different periods of asphyxia (n � 10 in each final group).
*indicates a significant difference between the 0-min group and the 20-min group. For comparison with Fig. 6, mean values during the whole 15-min session
are shown in bar plots. Vertical bars indicate pooled SEM.

Figure 6. Duration or frequency of different behavior items displayed by 12-d pups subjected at birth to different periods of asphyxia (n � 10 in each final
group). *indicates a significant difference between the 0-min group and the 20-min group. Vertical bars are SEM.
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resulting from social isolation (36). Similarly, the ability to
orient toward familiar olfactory cues is part of the adaptive
response of the neonate rodent to isolation from the nest. Pups
experiencing severe asphyxia tended to be slower in reaching
the nest-scented area during the homing test, and displayed a
different profile of ultrasound emission on day 11. Overall,
these data suggest that global birth asphyxia might affect the
maturation of those neurohormonal mechanisms involved in
the adaptive response of the developing organisms to a stres-
sor, such as maternal separation (37), in line with data report-
ing an altered response to stress in rats suffering perinatal
hypoxia.

A clear effect of global asphyxia was found on spontaneous
motor behavior, with an age dependent profile. On pnd 7 only
some trends were observed, indicating a mild hyperactivity in
20-min asphyxia pups (both males and females) during the first
5 min of observation. Of notice, twitching behavior (an indi-
cator of “active” sleep) is reduced in asphyctic pups in the
central period of observation. Reduced twitching movements
might again indicate that asphyctic pups are more aroused than
control pups, in line with what suggested for the functional
significance of this behavioral state (38). With the maturation
of sensorimotor coordination, on pnd 12, the effects on behav-
ior became markedly significant. Such effects were sexually
dimorphic and involved mainly forward locomotion and head
movements. In particular, females tended to be hyperactive
while males displayed hypoactivity. Hypoactivity has been
previously reported in this model of perinatal global hypoxia in
juvenile males (28 d) experiencing 20-min asphyxia, whereas
16-min asphyxia induced hyperactivity (15). As for sex differ-
ences, Loidl et al. (39) found that males subjected to 20-min
asphyxia showed hypoactivity in an open-field at adulthood,
while females were as active as controls. Whether the sex-
dimorphic effects of asphyxia on neonatal motor patterns re-
flect a different degree of severity of CNS damage it is difficult
to say: however, the lack of any difference in 8-epi-PGF2�

levels in males and females experiencing severe asphyxia
suggests that gender-dependent factors might play a role in the
delayed pathologic processes triggered by the asphyctic
episode.

As for CNS alterations potentially underlying the early
behavioral changes here reported, recent data indicated that
most of the effects of global perinatal asphyxia appear around
day 8. Van de Berg et al. (21) found marked apoptotic neuronal
loss in the striatum peaking at pnd 8 in rats subjected to 20-min
asphyxia, supporting the view of delayed cell death. In line
with such histopathological evidence, the alterations in ultra-
sound emission and spontaneous motor behavior did not appear
before pnd 11, likely reflecting the delayed effect of the

asphyctic insult on nerve cells. As a whole, the more significant
effect of asphyxia is on spontaneous motricity. To date, the
majority of data using this same perinatal asphyxia model
concern the influence on motor behavior and on neurotrans-
mitter systems related with overall activity, focusing on striatal
dopaminergic system (14, 18, 40). It is worth noting that
qualitative alterations in spontaneous motricity have been also
described in severely asphyxiated human infants (either pre-
term or term), and they are correlated with the severity of later
neurologic outcome and with presence of brain lesions (11).

The present data do not allow drawing any direct causal link
between F2-isoprostane increase and behavioral disturbances.
However, the occurrence of behavioral changes only in pups
belonging to the 20-min asphyxia condition, the same experi-
mental condition inducing in pups sacrificed shortly after the
insult F2-isoprostane alteration, suggest that brain 8-epi-PGF2�

levels might have a predictive value for delayed behavioral
disturbances. Thus, this animal model might serve in the future
as an evaluation tool of preventive and curative strategies to
treat neurologic/behavioral disturbances associated with as-
phyxia. Furthermore, as du Plessis and Volpe (41) pointed out
“. . .surrogate measures of brain injury are urgently needed
within the first hours of life.” In this context, these experimen-
tal findings might have some clinical relevance for the imple-
mentation of early diagnostic and prognostic strategies in the
human newborn, provided that the increased F2-isoprostane
levels can be measured in suitable human specimens such as
CSF, blood, or urine.
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