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ABSTRACT

Exposure to preconditioning (PC) hypoxia 24 h before a
severe hypoxic-ischemic (HI) insult reduces development of
injury in the immature brain. Several protective regimens have
proved effective in the short-term but not in the long-term
perspective. The aim of the present study, therefore, was to
evaluate the PC effect on long-term morphologic and neurologic
outcome in the developing brain. Six-day-old rats were subjected
to hypoxia (36°C, 8.0% O,; PC/HI group) and sham controls to
normoxia (36°C; HI group) for 3 h. Twenty-four hours later, all
rats were exposed to cerebral HI produced by unilateral carotid
artery occlusion combined with 1 h, 15 min of hypoxia (36°C,
7.7% O,). A cylinder test was used to evaluate forelimb asym-
metry to determine sensorimotor function at 4, 6, and 8§ wk of
age. Spatial/cognitive ability was assessed by Morris water maze
trials at 7 wk of recovery. Neuropathologic analysis was per-
formed 8 wk after insult. Brain damage was reduced (p <

Hypoxic-ischemic (HI) brain injury during the perinatal
period is a major cause of lifelong disability (1,2). The devel-
opment of effective therapeutic and/or preventive strategies to
treat these pathologic events relies on a better understanding of
the critical pathophysiologic events that lead to HI brain injury.

In 1986, Murry et al. (3) reported that the extent of myo-
cardial infarction resulting from a sustained coronary occlusion
was diminished when the heart had been subjected to brief
periods of sublethal ischemia. The protection elicited by a
previous sublethal intervention that renders the tissue less
sensitive to a subsequent insult has been termed precondition-
ing (PC). PC can be induced in the CNS through a variety of
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0.0001) in PC/HI (45.0 = 11.1 mm?®) in comparison with HI
(159.3 + 12.2 mm?) rats. A bias for using the ipsilateral forelimb
in wall movements was observed in the cylinder test in HI
compared with PC/HI rats at 4 (p < 0.001), 6 (p < 0.01), and 8
(p < 0.0001) wk of age. Results of the Morris water maze test
revealed differences (p < 0.0001) in average path length between
groups on the third and fourth day of trials. Hypoxic PC before
HI reduced brain injury by 72% at 8 wk after the insult and
provided long-term improvement of sensorimotor and spatial/
cognitive functions. (Pediatr Res 57: 305-309, 2005)

Abbreviations
HI, hypoxia-ischemia
PC, preconditioning
PND, postnatal day

exposures, for example, seizures (4), hypoxia (5), lipopolysac-
charide (6), and mitochondrial toxins (7).

A PC model has been developed for the immature brain,
whereby exposure to 8% hypoxia 24 h before severe HI
reduces injury by 70-100% (5,8,9). Findings of protection
have been demonstrated from 1 to 3 wk after insult. Recent
studies indicate, however, that development of injury in the
immature brain after HI may be delayed for up to 8 wk (10),
and in some cases, the salutary effects of PC in the adult (11)
are partly lost after long recovery periods after the severe
insult. A number of treatments after HI in immature animals
have also been shown to delay injury rather than provide a
permanent protection (12). Furthermore, deficits in spatial/
cognitive and sensorimotor functions sometimes occur de-
spite no or subtle brain injury, implicating the need for
sophisticated functional assessments as a complement to
evaluation of lesion size (13). Our aim, therefore, was to
further characterize PC in the immature brain and to deter-
mine to what extent hypoxic PC provides long-lasting be-
havioral and histologic protection.
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METHODS

Sprague-Dawley rats (obtained from Charles River, Sulzfeld, Germany)
were bred at the local animal care facility (EBM, Goteborg University,
Goteborg, Sweden) and housed in accordance with guidelines of the Animal
Committee of the University of Goteborg. The animal experiments were
approved by the local Ethical Committee of Goteborg (no. 146-03).

Hypoxic PC. On postnatal day 6 (PND6), pups were exposed to a PC
interval of hypoxia (PC/HI group; n = 67). Rats were placed in a chamber
perfused with a humidified gas mixture (8.0% oxygen in nitrogen) at 36°C for
3 h. Simultaneously, littermate sham control rats were separated from the dam
and exposed to normoxia 36°C for 3 h (HI group; n = 63). Additional naive
controls (n = 22) remained with their dams and were untreated. Pups were
randomly grouped from a total of 15 litters.

HI insult. Twenty-four hours after the hypoxic PC exposure, pups were
subjected to an HI insult in accordance with preparations previously described
by Rice et al. (14). Rats were anesthetized with enflurane (3% for induction
and 1.5% for maintenance) in nitrous oxide/oxygen (1:1). The left common
carotid artery was dissected and cut between ligatures of prolene sutures (6-0).
Furthermore, the wound was closed and infiltrated with a local anesthetic
(Xylocaine, 40 mg/mL). The surgical procedure was followed by 1 h of
recovery. HI was induced by exposure to a humidified gas mixture (7.7%
oxygen in nitrogen) at 36°C for 1 h, 15 min. The pups were allowed to adjust
to the temperature/humidity of the chamber for 10 min before and 10 min after
hypoxia. After HI, the pups were returned to their dam. Naive controls
remained untreated and were not separated from their dam.

Evaluation of PC on short-term outcome. Pups (PC/HI n = 37, HI n = 33)
were killed at PND14. Rats were deeply anesthetized (Pentothal Natrium, 50
mg/mL) and perfused intracardially with 0.9% NaCl followed by 5% parafor-
maldehyde. Brains were macroscopically scored for neuropathologic outcome
according to Bona et al. (15).

Cylinder test. Forelimb use bias was analyzed by videotaping movements
of each rat during exploratory activity in a transparent cylinder (16). The size
of the cylinder allowed free movements but was small enough to encourage
rearing and wall exploration. Its height prevented the rat from reaching the top
edge. A mirror was placed at an angle behind the cylinder to allow correct
analysis of movements. A mirror was placed in an angle behind the cylinder in
order to allow correct analysis of movements as the rat was faced away from
the camera. Depending on the activity of each rat. the duration of trials varied
from 3 to 7 min. Scoring of each trial sequence consisted of independent versus
combined use of the forelimbs during vertical exploration of the walls and
when landing as described previously (16,17). Results were expressed as /) the
percentage of use of the nonimpaired forelimb relative to the total number of
limb-use movements, 2) the percentage of use of the impaired forelimb relative
to the total number of limb-use movements, and 3) the percentage of co-use of
both limbs relative to the total number of limb-use movements. The percentage
of the use of impaired forelimb was then subtracted from the percentage of the
nonimpaired forelimb for exploration and landing. These two scores (wall and
landing) were averaged together for a single limb-use asymmetry score that
corrected for variability in the number of wall versus landing movements.
Exclusion of trials occurred in cases of inactivity, where the rat performed <5
landings and <10 wall movements during a test session. The forelimb use
asymmetry test was carried out at 4, 6, and 8 wk of age.

Morris water maze test. Each rat performed a series of four trials at each
occasion for 4 consecutive days. In a large water-filled tank (160 cm in
diameter), rats were monitored by a video-tracking system while searching for
a submerged platform (Smart_DT version 2.00, Panlab). The water was kept at
room temperature and made opaque by adding dry milk powder. Each rat was
given a maximum of 40 s to find the hidden platform. When the rat failed to
find the platform, it was designated as having a 40-s latency, physically guided
to the platform, and allowed to remain there for an additional 15 s. Parameters
monitored were the latency to find the platform, the swimming distance, and
the pattern of the swimming track. The Morris water maze test was performed
at 8 wk of age.

Evaluation of PC on long-term outcome. Rats were tested for their
functional ability 4, 6, and 8 wk after HI. At 9 wk of age, they were killed
through perfusion fixation as described above. Brains were subjected to
macroscopic scoring as previously described. Thereafter, the brains were
dehydrated, embedded in paraffin, and sectioned into 5-um-thick coronal
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sections evenly distributed throughout the brain (every 100th section), result-
ing in approximately 15 anteroposterior levels. Sections were stained with
thionin/acid fuchsin (18) for detailed morphologic analysis.

Neuropathologic analysis. Brain tissue deficit was calculated on sections
that were stained with thionin/acid fuchsin using the Olympus Micro Image
analysis software system, version 4.0 (Olympus Optical, Tokyo, Japan). Tissue
loss was measured at each anatomical level by subtracting the area of the
ipsilateral hemisphere from the area of the contralateral hemisphere and
expressed as percentage of the contralateral hemisphere. The volume of tissue
loss was calculated according to the Cavalieri Principle using the formula V =
S APt, where V is the total volume, 2 A is the sum of the areas measured, P is
the inverse of the section sampling fraction, and t is the section thickness (19).

Regional differences in brain damage were evaluated using a semiquanti-
tative neuropathologic scoring system with slight modifications (20). Briefly,
the cortical injury was graded from O to 4, that is, from no observable injury
(score = 0) to confluent infarction encompassing most of the ipsilateral
hemisphere (score = 4). The damage in hippocampus, striatum, and thalamus
was assessed regarding both hypotrophy (0-3) and observable cell injury/
infarction (0-3), resulting in a neuropathologic score for each brain region
(0—06). The total score (0-22) was the sum score for all four regions.

Statistics. Statistical analyses were performed using two-way ANOVA, and
group comparisons were performed using Fisher 7 test. All data are expressed
as means = SEM.

RESULTS

Macroscopic scoring of brains of rats that were evaluated at
PND14 revealed a significant reduction of damage in the
PC/HI group (0.9 % 0.2; n = 37) when compared with the HI
group (2.7 = 0.2; n = 33; p < 0.0001). At 8 wk after the insult,
PC was similarly protective, with damage in PC/HI rats (0.6 *
0.2; n = 30) significantly reduced compared with HI rats (2.5
* 0.2; n = 30; p < 0.0001). No injury was detected in control
rats (0 = 0; n = 22). Microscopic quantitative analysis showed
a 72% reduction of tissue volume loss in the PC/HI group (45.0
+ 11.1 mm®; n = 30) compared with rats in the HI group
(1593 = 12.2 mm>; n = 30; p < 0.0001). The area of brain
tissue deficit measured in coronal sections, expressed as per-
centage of the contralateral hemisphere, was significantly re-
duced in PC/HI compared with HI rats at every level (Fig. 1A).
Regional scoring demonstrated statistically reduced brain le-
sions in cerebral cortex, hippocampus, striatum, and thalamus
in the PC/HI group versus the HI group (Fig. 1B). The total
neuropathologic score was significantly lower in PC/HI (4.6 =
1.2; n = 30) compared with HI (18.2 = 1.3; n = 30; p <
0.0001) rats.

In the cylinder test (Fig. 2), HI rats showed a pronounced
bias toward using the ipsilateral forelimb for wall exploration
(38 = 6%; n = 26) during initial trials at 4 wk of age. In later
trials, a persistent tendency of ipsilateral forelimb asymmetry
was seen at 6 (37 = 6%; n = 24) and 8 wk (43 £ 5%; n = 25)
of age, respectively. Preconditioned rats improved in unim-
paired forelimb bias for wall movements at 4 (14 = 4%; n =
28; p < 0.001), 6 (13 = 5%; n = 27; p < 0.01), and 8 wk of
age (5 = 7%; n = 27; p < 0.0001). Controls displayed a less
pronounced ipsilateral bias (4 wk: 7 = 5%, n = 17; 6 wk: 7 =
5%, n = 14; 8 wk: 0 = 3%, n = 20).

The average of forelimb use for wall explorations and
landings demonstrated a difference in behavioral asymmetry
between PC/HI rats (0 = 2%, p = 0.05; 2 £ 2%, p < 0.01; —2
* 3%, p < 0.001) in comparison with HI rats (8 * 4%; 12 =
3%; 12 = 4%) at 4, 6, and 8 wk of age, respectively.
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Figure 1. Neuropathologic results. Brain injury was substantially reduced in the PC/HI group (n = 30) compared with the HI group (n = 30) 8 wk after HI.
(A) Brain damage was quantified in 15 coronal sections numbered from anterior to posterior levels. Measurements are expressed as tissue loss in the ipsilateral
hemisphere as a percentage of the contralateral hemisphere. Values are given as mean = SEM; p < 0.001 PC/HI vs HI rats. (B) Regional scoring of injury in
cerebral cortex, hippocampus, striatum, and thalamus. Values are given as mean * SEM; fp < 0.001 for PC vs non-PC HI rats. (C) Typical coronal sections
of littermates demonstrating the difference in brain injury of PC/HI (left) compared with HI rats (right).
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Figure 2. Cylinder test results. Forelimb asymmetry was attenuated in the
PC/HI group compared with the HI control group. Wall movements, landings,
and average values are given at 4 (PC/HI n = 28, HI n = 26, control n = 17;
A), 6 (PC/HI n = 27, HI n = 24, control n = 14; B) and 8 (PC/HI n = 27, HI
n = 25, control n = 20; C) wk of age. Functional asymmetry was assessed by
evaluating the bias in usage of impaired vs unimpaired forelimb. Values are
given as mean = SEM; fp < 0.001; fp < 0.01 vs HI animals.

The performance in the Morris water maze test demonstrated
distinct differences between the groups (Fig. 3). Over the 4
consecutive days of trials, PC/HI and control rats displayed the
same behavioral pattern (decrease in mean swim distance),
whereas HI rats, on the contrary, did not improve in perfor-
mance. The mean swim distance and the pattern of swim path
were assessed. On the final day of trials, the path length
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Figure 3. Morris water maze results. Hypoxic PC improved spatial/cognitive
performance as evaluated in the Morris water maze. Results demonstrate that
the mean swim distance was significantly shorter in PC/HI (n = 28) vs HI rats
(n = 29) during 4 consecutive days of trial. There was no significant difference
in cognitive ability between PC/HI and non-HI controls (n = 20). Values are
given as mean = SEM; fp < 0.001; ip < 0.01; *p = 0.05 vs HI animals.

performed by preconditioned rats (6.4 * 0.6 m; n = 28) and
control rats (4.4 = 0.5 m; n = 20) were significantly shorter
than those of HI rats (10.9 = 0.6 m; n = 29; p < 0.0001). HI
rats spent a higher percentage of swim distance in the outer
circle of the maze (89 = 2%; n = 29) in comparison with
PC/HI rats (78 £ 2%; n = 28; p < 0.0001) and controls (73 =
2%; n = 20).

There were no sex differences in the morphologic or the
behavioral analyses. Measurements of brain injury volume in
preconditioned rats for male (38.4 = 14.2 mm®; n = 18) and
female rats (55.0 = 18.1 mm>; n = 12; p < 0.4751) were not
statistically different. Also in the HI group, brain injury was
similar in male (165.5 = 17.5 mm>; n = 13) and female rats
(154.6 = 172 mm*; n = 17; p < 0.6683).

DISCUSSION

In the present study we found that hypoxic PC conferred a
reduction in neonatal HI brain damage up to 8 wk after the
insult. The difference between groups was in accordance with
our findings of short-term protection found in brains that were
evaluated macroscopically at 1 wk after insult and in agree-
ment with previously published data on short-term outcome
(5,9). It is interesting that histologic findings correlated closely
to sensorimotor and spatial/cognitive performance.

Previous studies on hypoxic PC in immature rats were based
on histologic (and not functional) assessments. In most of these
studies, brain injury was estimated at 1 wk (or shorter) after HI
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(5,9,21-24) except for one study that reported longer survival
(30 d) (8). It is well known that injury often develops over a
protracted period of weeks or even months, which can influ-
ence the efficacy of treatments. For example, postischemic
hypothermia provided significant protection when cell loss was
evaluated at 3 and 7 d but not when the morphologic assess-
ment was performed 2 mo after ischemia in adult rats (25).
Similar results were obtained in adult gerbils that were sub-
jected to a short period of PC ischemia before severe ischemia
(11). They found that 81% of cells survived at 10 d, but when
histologic assessment was done at 30 d after the insult, cell
survival had declined to 53% (11). It was found recently that
development of brain injury could also be delayed after HI
induced in 7-d-old rat pups (10). A marked progressive atrophy
occurred between 2 and 8 wk after the insult (10). It has also
been shown that a short period of postinsult hypothermia
provided protection in the short-term (1 wk) but not in the
long-term (4 wk) perspective (12). Collectively, these studies
illustrate the need to study long-term effects of potential neu-
roprotective strategies. We now have shown conclusively that
the degree of the long-term neuroprotective effects of PC are
similar to the short-term protection found in brains that were
evaluated macroscopically at 1 wk postinsult and also agree
with previously published data on short-term outcome (5,9)

In most animal studies in which neuroprotective interven-
tions are evaluated, histologic outcome after a few days of
survival is used as the only outcome measure (13). Measure-
ment of volume tissue loss or assessment of cell loss does not
reliably detect more subtle forms of neuronal death and dys-
function that arise from injury to nonhomogeneous cell popu-
lations. For example, PC provided a nearly complete protection
in the CA1 of the hippocampus 10 d after an ischemic insult,
but animals exhibited marked deficits in an open field test of
habituation as well as reduced dendritic field potentials, sug-
gesting that these surviving cells were functionally impaired
(26). Recently, it was demonstrated that exposure to an en-
riched environment significantly improved functional outcome
despite increased cell death (27), offering another example of a
poor correlation between morphologic and neurologic out-
come. These reports further emphasize the importance of per-
forming assessments of neurologic functions as a complement
to morphologic outcome measures.

In our study, the cylinder test was performed at different
time points to determine sensorimotor ability at different
ages after HI. Our results revealed better preservation of
limb use symmetry in PC/HI rats in comparison with HI rats.
In previous publications, the cylinder test has been used in
established models of unilateral stroke, Parkinson’s disease,
and spinal cord injury (16). Hua ef al. (28) used the cylinder
test to determine the degree of recovery after intracerebral
hemorrhage in rats after pharmacologic interventions, and
the test also proved useful in the evaluation of the neuro-
protective effect of previous forced limb use after 6-
hydroxydopamine administration (29). Measurement of
asymmetry seems to be well suited for evaluating functional
consequences after unilateral brain injury. It is a simple,
sensitive, and reliable test that allows the observer to study
behavior under unforced conditions (16).
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Previously, diverse results of sensorimotor tests have been
reported in the immature HI model. Using a battery of tests,
Bona er al. (30) found impairments in sensorimotor ability at
5-6 wk after HI. Similar findings were reported by Jansen et
al. (31) in somewhat older (up to 9 wk) animals. In contrast,
results of Ikeda er al. (32) demonstrated only subtle sensori-
motor deficits 4—18 wk after neonatal HI. The divergent results
could be explained by the fact that different tests were applied,
different measures were taken to reduce stress, the number of
test sessions used were different, and there was varying extent
of brain lesion and age of the animals (30—32). For obtaining
reproducible results, it seems critical to reduce stressful stim-
uli. From our experience, evaluation of sensorimotor function
in freely moving animals that is achievable with the cylinder
test is advantageous compared with tests that require handling,
such as in the grip-traction test, the foot-fault test, the postural
reflex test, and the limb-placing test (30).

The Morris water maze task examines hippocampal function
and is a well-established test for permanent spatial learning
capabilities and reference memory (33). Several studies have
applied the test after hippocampal damage in neonatal animals.
Ikeda er al. (32) detected long-term learning disabilities at 16
wk after neonatal HI in comparison with controls. Altemus et
al. (34) also found spatial memory deficits in animals with
bilateral hippocampal damage at various ages up to adulthood.
Despite compensation by the contralateral hemisphere, perfor-
mance in the Morris water maze correlated closely to the
degree of atrophy in our study, which agrees with results by
Altemus et al. (34), who found a close correlation between
spatial/cognitive ability and bilateral hippocampal injury. Sim-
ilar to control animals, during the course of trials, PC/HI rats
significantly improved in orientation and memory function. No
such improvement was seen in HI animals, which further
amplified the differences between groups.

CONCLUSION

In summary, we found that hypoxic PC provides a substan-
tial long-term reduction in brain injury in rats subjected to
neonatal HI. The structural protection was accompanied by
significant improvement of sensorimotor as well as spatial/
cognitive abilities.
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