Neurochemical Research (2019) 44:2631-2642
https://doi.org/10.1007/5s11064-019-02884-4

ORIGINAL PAPER q

Check for
updates

Tissue Injury and Astrocytic Reaction, But Not Cognitive Deficits, Are
Dependent on Hypoxia Duration in Very Immature Rats Undergoing
Neonatal Hypoxia-Ischemia

L. E. Duran-Carabali'® - E. F. Sanches® - F. K. Odorcyk’ - F. Nicola? - R. G. Mestriner* - L. Reichert* - D. Aristimunha3-
A.S.Pagnussat® - C. A. Netto'%3

Received: 2 May 2019/ Revised: 11 September 2019 / Accepted: 25 September 2019 / Published online: 28 September 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Preterm birth and hypoxia—ischemia (HI) are major causes of neonatal death and neurological disabilities in newborns. The
widely used preclinical HI model combines carotid occlusion with hypoxia exposure; however, the relationship between
different hypoxia exposure periods with brain tissue loss, astrocyte reactivity and behavioral impairments following HI
is lacking. Present study evaluated HI-induced behavioral and morphological consequences in rats exposed to different
periods of hypoxia at postnatal day 3. Wistar rats of both sexes were assigned into four groups: control group, HI-120 min,
HI-180 min and HI-210 min. Neurodevelopmental reflexes, exploratory abilities and cognitive function were assessed. At
adulthood, tissue damage and reactive astrogliosis were measured. Animals exposed to HI-180 and HI-210 min had delayed
neurodevelopmental reflexes compared to control group. Histological assessment showed tissue loss that was restricted to the
ipsilateral hemisphere in lower periods of hypoxia exposure (120 and 180 min) but affected both hemispheres when 210 min
was used. Reactive astrogliosis was increased only after 210 min of hypoxia. Interestingly, cognitive deficits were induced
regardless the duration of hypoxia and there were correlations between behavioral parameters and cortex, hippocampus and
corpus callosum volumes. These results show the duration of hypoxia has a close relationship with astrocytic response and
tissue damage progression. Furthermore, the long-lasting cognitive memory deficit and its association with brain structures
beyond the hippocampus suggests that complex anatomical changes should be involved in functional alterations taking place
as hypoxia duration is increased, even when the cognitive impairment limit is achieved.
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of neonatal death and neurological disabilities in children
[1, 2]. Previous reports have shown an increase in survival
rates between newborns with 24 to 28 gestational weeks
and weighing less than 1500 g [3-5]. Short-term compli-
cations such as periventricular hemorrhage and perinatal
hypoxia—ischemia have been associated with long-term
psychomotor delay; executive function impairments and
attentional, socialization and learning deficits [1, 3, 5-8].
An adaptation of the Rice—Vannucci model is currently
used to study the effects of hypoxia—ischemia injury in
rodents [9-11]. This model combines the permanent
carotid artery ligation followed by hypoxic exposure [12].
Most studies induce the injury at post-natal day (PND)
7 in rats as a HI model for term/late-preterm infants [13,
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14]. Despite variations across research groups, the PND7
model is well described, with hypoxia exposure ranging
from 90 to 120 min with 8% of oxygen and causing con-
sistent cognitive deficits and unilateral tissue damage in
which the hippocampus is the most affected brain structure
[15-17]. The model used to mimic preterm HI uses PND3
rats, since its brain development stage resembles that of
a very preterm infant [10, 18]. Nevertheless, studies that
used the same HI protocol (i.e., hypoxia duration) in PND7
and PND3 showed that, while the first ones presented sig-
nificant cognitive and tissue damage, the latter presented
almost no detectable lesion [19, 20]. These results high-
light the need for refining the protocols to produce a better
experimental HI injury protocol to model preterm human
brain lesion.

HI is associated with motor impairments and cogni-
tive deficits, being the last one a main neurodevelopmen-
tal sequelae of immature cerebral injury [7, 21, 22]. The
influence of the age and hypoxia duration in the severity
of brain damage was already shown in previous papers
[23, 24]. However, evidence of the relationship between
duration of hypoxia and functional impairments as well
as its histological consequences is scarce. Towfighi et al.
(1997) exposing PND 2-3 rats to 5% of oxygen (O,) dur-
ing 30, 60, 90 and 120 min after common carotid artery
ligation reported morphological damage to cerebral cor-
tex, striatum, thalamus and hippocampus, from 24 to 72 h
after HI. Similarly, Stadlin et al. (2003) following variable
hypoxia exposure periods (10, 15, 20, 30 or 45 min) under
6—7% O, concentration and variable parameters of temper-
ature and humidity showed that environmental conditions
could cause an interplay among variables, thus altering HI
brain damage and the biochemical responses 3 days after
the insult [9]. However, there is only one study showing
sensorimotor and muscular impairments of different peri-
ods of hypoxia produced with 8% oxygen in PND?3 rats
in [23], but cognitive effects and tissue damage have not
been investigated.

Glial responses to injury are key factors in determining
the prognosis of brain damage and astrocytes are among the
brain cell types responding to injury [25]; in the presence of
brain lesion these cells become reactive and secrete several
molecules that modulate the neuroinflammatory process [25,
26]. In addition, astrocytes are found in great numbers in
sensitive areas to HI, such as the corpus callosum (CC) [27].
CC is the major fiber tract responsible for connecting and
integrating neural activity between hemispheres [28] and
HI-induced white matter loss is associated with cognitive
deficits [29], suggesting also a disruption of intercortical
connections [30]. Therefore, the aim of present study is to
evaluate the short and long-term behavioral, histological and
astroglial responses to different periods of hypoxia in PND3
rats undergoing hypoxia—ischemia.
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Materials and Methods
Animals

Wistar dam and pup rats were kept in standard conditions,
at 22 +2 °C room temperature and 12 h light/dark cycle.
Water and food were provided ad libitum. A total of six
litters were used and three animals per litter were submit-
ted to hypoxia—ischemia procedure for each experimental
group. Two—three pups from the same litter were used as
controls. The total number of animals employed in the
present study was 48. All procedures were performed
according to the guidelines of Care and Use of Laboratory
Animals of the Brazilian Society for Neuroscience. The
project was approved by the Ethics Committee of Univer-
sidade Federal do Rio Grande do Sul - Protocol # 28641.

Hypoxia-Ischemia Procedure

At PDN3, pups of both sexes were randomly assigned
to four groups: Control, HI-120 min, HI-180 min and
HI-210 min (n=10-12 animals per group). Animals
assigned to the HI procedure were previously anesthetized
with 4% halothane. Following the Rice-Vannucci protocol,
a small incision was made through the medial longitudinal
neckline, the right common carotid was exposed, the vagus
nerve was isolated and the artery was permanently ligated
with 4.0 surgical silk thread. Animals were then returned
to standard cages with their dams. After 2 h of post-sur-
gery recovery, animals were put in the hypoxia chamber,
with an atmosphere of 8% of O, and 92% of N, at 37 °C,
during the respective time of hypoxia of the experimental
group: 120, 180 or 210 min.

For the control group (sham), pups received anesthesia
and had the right carotid artery isolated, but not occluded;
they were kept under atmospheric conditions [20]. Ani-
mals were maintained at 36-37 °C using a heat pad and
were kept away from their dams during 210 min, i.e.,
the time of the longest hypoxia exposure; after that pups
were returned to their respective dams. The mortality rate
observed in the HI procedure was lower than 5% in the
HI-120 min group, 10% in the HI-180 min group and 20%
in the HI-210 min group.

Behavioral Assessment

Neurodevelopment testing assessed righting reflex, nega-
tive geotaxis and olfactory discrimination at PND 7, 14
and 21. Body weight was recorded before the tests. Pups
were separated from their dams during the examination
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and were immediately returned to their cages at the end of
experiments. All tests were performed between 9:30 and
12:00 h by the same investigators. Exploratory abilities
and cognitive function were evaluated from PND 35 to
PND 44 in the open field and the Morris water maze test,
respectively.

Righting Reflex Test

The test assesses motor and coordination function. Each
animal was put in supine position with the whole body in
surface contact. The latency required to return to the prone
position, with its four paws on the floor, was recorded
[31-33].

Negative Geotaxis Test

This test was used to evaluate vestibular and proprioceptive
functions. The animal was put on a board inclined 45° with
its head down. The time used to turn around 180° and to
put on both its face up and its body in longitudinal axis was
recorded. The maximum duration for this test was of 60 s
[32, 34]. After each testing the board was cleaned with a
70% ethanol solution.

Olfactory Discrimination Task

Using a clean standard cage for rats, fresh bedding was put
on one side and home cage bedding on the other one. Each
animal was positioned in the center of the cage with the head
toward the wall. The latency required to enter on its home
bedding was recorded. The maximum duration for this test
was of 180 s; this latency was assigned when animals did
not complete the activity [35]. After each testing the cage
was cleaned with a 70% ethanol solution.

Open Field

Open field test was used to observe the animal s exploratory
abilities using a previously described protocol [36]. Each
animal was put in the center of the chamber (Diameter:
100 cm. Height: 30 cm) for 5 min. Variables recorded were:
latency to leave the center, number of crossings (both in
periphery and in the center zone) and the number of standing
on rear limbs (rearings).

Morris Water Maze Test

The Morris water maze test was run in order to evaluate spa-
tial memory as previously described. A black pool (Diameter
of 200 cm) was filled into a depth of 40 cm with room-
temperature water and a platform was put 2 cm below the
water level. Four virtual quadrants, nominated as N, S, W,

E, were defined to determine training sequence. In a period
of 5 days, animals were put into the water for 60 s to find the
platform. In case that the task was not completed (i.e., the
rat did not find the platform), it animal was gently guided to
the platform and left to remain during 15 to 20 s, helping to
identify the wall cues. Latency required to find the platform
was registered and the average trial latency was calculated.
Probe trial was performed on the sixth day, with the platform
removed and the animal placed far away from the platform
position. The latency for first crossing the platform region,
the time spent in the target quadrant and the distance trav-
elled were recorded using the ANY-Maze software (Cechetti
et al. 2012).

Histological Analysis

Six to seven rats per group were used for histological analy-
sis. Animals were anesthetized with isoflurane (5%) after
completing behavioral evaluation. Perfusion was run using
9% saline solution followed by 4% formaldehyde solution
through the left cardiac ventricle. The brain was removed
from the skull and kept in fixative solution and cryoprotected
with sucrose (30%) solution. Serial 30 um slices were cut on
a cryostat (Leyca) and one slice in every 10th section was
put on gelatin-coated slides and stained with hematoxylin
and eosin (Sigma-Aldrich. St Louis. MO. USA). The regions
of interest (cortex, hippocampus and corpus callosum) were
identified using the rat brain atlas [37]. All measurements
were calculated using the software NIH-ImageJ and, the
Cavalieri method of hemispheric and structural volume
measurements was used. The values are expressed as mean
volume + SEM (mm?) [20] and the volume ratio was calcu-
lated using the equation (Ipsilateral volume (mm?*))/(Con-
tralateral volume (mm?)). The injury severity was classified
as previously reported: mild <25% of surface damage, mod-
erate 25% to 50% and severe > 50% [38, 39].

Immunofluorescence

Coronal brain sections (30 um) were washed in tris buffered
saline (TBS), followed by a solution of TBS plus 0.05%
tween-20 (T-TBS) in order to permeabilize cell membranes.
Sections were then blocked with 1% albumin overnight. Pri-
mary antibody against glial fibrillary protein (anti-GFAP)
(rabbit IgG, 1:100, Sigma-Aldrich) for identifying astrocytes
was used. This procedure was carried out in 1% albumin
in T-TBS at 4 °C for 24 h. Following TBS washings, sec-
tions were incubated with secondary antibody anti-mouse
Alexa 488 (1:500, Molecular Probes, Invitrogen, USA) for
1 hour. Slices were covered in aqueous mounting medium
(FluorSave®, Calbiochem, Darmstadt, Germany) and
coverslipped.
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Morphological Astrocyte Analysis

Astrocytes in corpus callosum close to the inter-hemispheric
line (between — 2.30 and — 4.30 mm from the bregma) were
selected to evaluate morphological characteristics follow-
ing HI. A total of 19 animals were used for the analysis
(control group=4, HI-120 min=35, HI-180 min=6 and
HI-180 min=4). Three cells by each coronal brain sec-
tion (n=4) were analyzed, totaling 12 astrocytes per ani-
mal [26]. Images were captured using a Leica SP8 confocal
microscope with the following parameters: Objective: 63 X,
Resolution 1024 x 1024 pixels and means: 4 and XYZ-axis.
Lighting conditions and magnifications were kept during
the process of capture. As for the morphological analysis,
images were collected in 20 um plane and Sholl’s concentric
circle method was used [26]. The soma of each astrocyte
was identified and the number of intersections of circles of
increasing radii from the center were quantified using the
Image Pro-plus software (Version 6.1, Media Cybernetics,
Silver Spring, EUA) [40].

Statistical Analysis

The software SPSS, version 21 was used for all analysis and
the Shapiro—Wilk test was run for determination of normal
distribution. Non-parametric data (neurobehavioral tests)
are expressed as median and interquartile range. Paramet-
ric data are expressed as mean + SEM. The statistical dif-
ferences of variables between contra and ipsilateral sides
were assessed by Student’s 7 test. For assessing weight gain
over time, as well as water maze data during training days,
repeated measured ANOVA was used. To analyze differ-
ences between groups one-way ANOVA and Duncan’s post
hoc were used; p values <0.05 were considered significant.
Multiple regression analysis was run to determine whether
several independent variables of interest could significantly
improve the R?, predicting the outcome of a dependent vari-
able. Such analysis was performed using neurobehavioral
and Morris water maze performance, as dependent vari-
ables, combined with morphological data (percentage of
tissue loss, ipsilateral and contralateral volume) of cerebral
cortex, corpus callosum and hippocampus.

Results

Body Weight

As observed in Fig. 1a, a progressive increase in the body
weight was found in all groups. However, HI rats showed
small gains when compared to control group (CG) at

PND 7, PND 14 and PND 21 (F3 45, = 14.637, p=0.000;
Fi3.45=7.637 p=0.000 and F 3 4, =4.926, p=0.005,
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respectively). At PND 35, animals of the HI-180 min and
HI-210 min groups showed a significant decrease of body
weight as compared to CG (F 3 45)=6.344, p=0.001).

Neurobehavioral Assessment

There was a significant increase in the latency to assume
the prone position in HI-180 min and HI-210 min groups
at PND 14 compared to the CG in the righting reflex test-
ing. Such difference was also observed in the HI-210 min
group at PND 21 (X2 =10.624, p=0.014 and X2 =12.600,
p=0.006, Fig. 1b). In addition, at PND 7, anlmals of the
HI-180 min and HI-210 min groups had worse performance
in negative geotaxis (Fig. 1¢) and olfactory discrimination
tests (Flg 1d) when compared to CG (X2 =8.583,p=0.035
and X(3)—9 780, p=0.021, respectlvely) No significant
differences were observed in other testing days (P > 0.05).
However, HI-120 min animals presented lower latency as
compared to HI-180 min for olfactory discriminatory test at
PND21 (X(g) =8.403, p=0.038).

Open Field

No significant differences were observed among HI groups
compared to CG in central and peripheral crossings, in laten-
cies to leave the 1st circle nor in the number of rearings
in the open field test (Table 1), indicating no HI-induced
hyperactivity.

Morris Water Maze Test

All animals improved their performance during the training
period in the Morris water maze test over days. As depicted
in the Fig. 2a, there were no differences between HI groups
and CG in the latencies to find the platform as from the
first to the third training day (F 5 43,=0.836, p=0.481).
However, on the fourth and fifth days, all HI groups showed
higher latencies compared to CG (F 3 39,=6.377, p=0.001
and F 5 39, =4.688, p=0.007, respectively), evidencing HI-
induced reference memory impairments, independent on
the hypoxia duration. On the probe trial, HI groups had
significantly higher latencies to cross the platform region
(F3.39)=3.327, p=0.029; Fig. 2b) as well as showed a reduc-
tion of the time spent in the target quadrant (F; 39)=3.025,
p=0.041; Fig. 2¢), thus confirming spatial learning and
memory deficits following the HI insult.

GFAP Immunofluorescence

GFAP immunofluorescence was performed at PND 45 in the
corpus callosum, near to the inter-hemispheric line, in order
to investigate astrocyte survival and reactive gliosis. Fluo-
rescence intensity was evaluated and revealed an increase in
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Fig.1 Pups’ body weight and neurobehavioral assessment: a Pups’
weight during development. Data are expressed as mean+SEM.
Results were analyzed by Repeated Measures ANOVA. b Right-
ing reflex. ¢ Negative geotaxis. d Olfactory discrimination. Data are
expressed as median and interquartile ranges of animals’ latencies to
perform the test. Results were analyzed by Kruskal-Wallis ANOVA

and its corresponding pairwise test. (n=10-12 per group) *Differ-
ence between control group versus all HI groups, *Difference between
HI-180 and HI-210 groups when compared to control. PDifference of
HI-210 min versus control group. ¥Difference between HI-120 min
and HI-180 min. Significance was accepted whenever p <0.05

Table 1 Open field test

performance Open field Control HI-120 min HI-180 min HI-210 min p value
Mean+SEM  Mean+SEM  Mean+SEM  Mean+ SEM
Total crossings 70+5.42 72914550  77.29+4.35 82.9+937 0.492
Central crossings 28.64+4.85 28.45+3.65 29.86+3.99  235+399 0.765
Peripheral crossings 98.64+8.54 101.36+6.96 107.14+7.23 1064+12.82 0.878
Total rearing 31.21+£3.63 42.18+2.69  39.14+2.86 41.8+5.01  0.106
Latency to leave to 1st circle 3.66+0.68 2.58+£0.65 395+093  253+051 0439

GFAP expression only in the HI-210 min group, in compari-
son to the CG (F3 14)=3.65, p=0.039) (Fig. 3a, b).

Sholl’s morphological analysis was also performed.
Neither the number of crossings of each concentric circle
nor the total number of crossings (F; 15,=0.47, p>0.05)

showed any difference when assessed in adulthood (Fig. 3c,
d). These results suggest that despite the significant increase
in reactive astrogliosis by the increasing time of hypoxia
exposure, there is no effect on the number or length of astro-
cyte projections.
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Fig.2 Morris Water Maze. a Reference memory protocol dur-
ing training sessions were analyzed by repeated measures one-way
ANOVA. b Latencies for the first crossing platform region in the
Morris water maze. ¢ Time spent in the target quadrant during the

probe trial. Results were analyzed using one-way ANOVA. Data are
expressed as mean+ SEM (n=10-12 per group) *Difference of all HI
groups when compared to control group. Significance was accepted
whenever p <0.05
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Fig.3 Sholl’s analysis: a analysis of fluorescence intensity; b Repre-
sentative images of the immunofluorescence in the corpus callosum,
near to the inter-hemispheric line ¢ number of astrocyte intersections
at circles of increasing radii from the center and d Representative
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image of Sholl’s concentric circle method. (n=5-6 per group) Data
analyzed by one-way ANOVA. ?Difference between HI-210 min ver-
sus control group. Significance was accepted whenever p <0.05
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Histological Analysis

As shown in the Fig. 4, all HI groups showed a signifi-
cant reduction in the volume of the injured cerebral hemi-
sphere, cortex, corpus callosum and hippocampus com-
pared to CG (F;,5=6.761, p=0.002; F;,s5,=8.074,
p=0.001; F3 5,=5.605, p=0.005; F 3 ,5,=5.861, p=0.004;
F325=3.616, p=0.028 respectively). A progressive
increase in percentage of tissue loss was observed in the
right hemisphere (ipsilateral to the carotid occlusion) of HI
animals, as compared controls, as follows: right hemisphere
(HI-120 min: 40.3%, HI-180 min: 57.1% and HI-210 min:
61.6% decrease); right cerebral cortex (HI-120 min: 51.9%,
HI-180 min: 64.7% and HI-210 min: 71.9% decrease); right

corpus callosum (HI-120 min: 55.5%, HI-180 min: 81.3%
and HI-210 min: 88.5% decrease) and right hippocampus
(HI-120 min: 44.2%, HI-180 min: 57.8% and HI-210 min:
65.9% decrease).

Animals undergoing HI-180 and HI-210 min also showed
a significant decrease in the contralateral corpus callosum
(F(3,25)= 3.186, p=0.044) compared to CG. Furthermore,
HI-210 min rats showed a decrease in the contralateral
hippocampus (F; 55, =2.999, p=0.05), evidencing that
prolonged hypoxia exposure cause both ipsilateral and
contralateral tissue loss. It is also highlighted the vul-
nerability of specific brain regions to neonatal HI insult.
Table 2 shows the ratio between ipsilateral and contralateral
hemispheres, confirming the tissue loss in the hemispheres,
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Fig.4 Histological analysis: a Representative images of brain dam-
age severity. Tissue volume of the ipsilateral and the contralateral
side to carotid occlusion on: b Brain hemisphere, ¢ Cerebral cortex,

DOContralateral Qlpsilateral

d Corpus Callosum and e Hippocampus (n=5-6 per group). Data
were analyzed by one-way ANOVA. *Difference of HI versus control
groups. Significance was accepted whenever p <0.05
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Table 2 Hemispheri(? and Hemisphere Cerebral cortex Corpus callosum Hippocampus
structural volume ratio
Control 0.99 +(0.00) 0.96+(0.02) 1.00+(0.01)** 0.99+(0.03)
HI-120 min 0.57+(0.11)* 0.47 +(0.14)* 0.63+(0.10)* 0.55+(0.18)*
HI-180 min 0.55+(0.14)* 0.44 +(0.16)* 0.44 +(0.15)* 0.51+(0.16)*
HI-210 min 0.53+(0.06)* 0.39+(0.07)* 0.50+(0.07)* 0.67 +(0.09)

Values are expressed as mean volume + SEM (n=5-6 per group)*HI vs. control p<0.05

cerebral cortex, corpus callosum, and hippocampus for
all HI groups compared to CG (F 3 ,5,=6.283, p=0.003;
F325=6.379, p=0.003; F;,5=4.964, p=0.009 and
F3.25)=3.844, p=0.022, respectively). Thereby, animals
of HI-120 min showed moderate ipsilateral tissue damage,
HI-180 min oscillate among moderate and severe damage
and HI-210 min exhibited severe damage (see Fig. 4a).
Multiple regression analysis was run to associate neu-
robehavioral and Morris water maze performance with
histological parameters (percentage of tissue loss, ipsilat-
eral and contralateral volume) of cerebral cortex, corpus
callosum and hippocampus, assessed in adulthood. It was

1Y

) R?Linear=0.759
Vol. Ipsilateral Cortex A
Vol. Ipsilateral Hippocampus
Vol. Contralateral Hippocampus
Vol. Contralateral Corpus Callosum o
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Fig.5 Hierarchical multiple regression between volume ratio of brain
structures and behavioral parameter: a correlation between latency
during negative geotaxis at PND 7 and histological parameters (vol-
ume of the cortex and the hippocampus as well as the contralateral
volume of the corpus callosum and hippocampus), b correlation
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(=2

Regression_Vol. Parameters

o

Regression_Vol. Parameters

observed that the latency to perform the negative geo-
taxis task at PND 7 correlated with the ipsilateral volume
of cortex and hippocampus plus contralateral volume of
hippocampus and corpus callosum (adjusted R?=0.759,
p=0.001; Fig. 5a, b). There was also a correlation of the
latency to find the platform on the last day of training in
the water maze with the percentage of cortical tissue loss
and the contralateral volume of the hippocampus (adjusted
R%*=0.770, p=0.001; Fig. 5c, d). These results confirm
that functional alterations following HI are related with the
greater of the tissue loss in more than one brain structure,
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expressed by subgroups; ¢ correlation between escape latency on the
fifth day on Morris Water Maze test and histological parameters (per-
centage of cortical tissue loss and the contralateral volume of the hip-
pocampus); d correlation expressed by subgroups. Significance was
accepted whenever p <0.05
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either ipsi- and contralateral to the lesion, evidencing a
complex regional vulnerability after HI at PND3.

Discussion

Present study aimed to evaluate the influence of different
periods of hypoxia on morphological and functional effects
in very immature rat brain, undergoing hypoxia—ischemia
at PND 3. As previously described, the severity of tissue
damage induced by HI is associated with the duration of
hypoxia [23, 24]. The novelty of the present study is that HI
injury performed in PND 3 rats using hypoxia periods longer
than 180 min increased astrocyte reactivity at adulthood and
caused contralateral, along with ipsilateral damage in brain
regions more susceptible to HI. Interestingly, prolonging the
duration of hypoxia exposure did not affect spatial memory
deficits, however histological changes in the cerebral cor-
tex, corpus callosum and hippocampus were able to predict
animal’s performance in negative geotaxis and in the Morris
water maze task.

Asphyxiated preterm infants often have significant body
weight decrease and reduced weight gain over time when
compared to healthy children [1]. This characteristic is also
observed in HI animals [41]. Experimental studies show
that even when an adequate nutritional supply is guaranteed,
pups exposed to chronic hypoxia presented lower weight
compared to controls, suggesting that the weight loss is
secondary to the hypoxia itself [42, 43]. This is consistent
with data here presented, in which animals exposed to longer
periods of hypoxia (HI-180 and HI-210 min, as in Fig. 1)
have decreased body weight as compared to controls. The
weight loss following HI has been associated with worse
performance in neurodevelopmental reflexes testing, without
a significant impact in animal’s mortality [31].

Motor coordination tests, such as righting reflex and neg-
ative geotaxis, are useful tools for early assessment of senso-
rimotor deficits, considering that very immature rats exposed
to longer hypoxia periods (180 min) display sensorial and
motor impairments at adulthood, as previously reported [23].
In agreement, at later stages of neurodevelopment, animals
did not exhibit significant differences in reflex responses as
compared to control groups. This was expected, since func-
tional recovery has been described as animals become older,
increasing their voluntary movements often without obvious
gross motor deficits [31].

Reflexes maturation is considered an index of nervous
system development that can be influenced by excitotoxicity,
perinatal stress and systemic hypoxia [44]. Moderate and
severe damage following HI, as observed in HI-180 min and
HI-210 min, caused a delay in neurodevelopmental reflexes
compared to the control group (Fig. 1). These results are
similar to the ones reported in animals submitted to HI at

PND 7 [31, 45]. Huang and co-workers observed delayed
righting reflex 72 h in HI animals exposed to 150 min of
hypoxia when compared to control group. However, the oxy-
gen concentration used was 6%j that could help us to explain
the differences observed in this behavioral task [46]. Allied
to injury severity due to hypoxia exposure, animals’ age
contributes to the injury degree. Literature shows that very
immature rats have increased anaerobic tolerance [9]. This
entails in distinct patterns of HI injury at different stages
of development [9, 24, 47], showing that shorter periods
of hypoxia are enough to cause functional deficits in older
animals [45, 48].

Cognitive deficits are observed in hypoxic-ischemic sub-
jects at any neurodevelopmental period [22, 49]. Presented
data shows that, although HI animals could acquire a spatial
task, they improve their escape latency by no more than 50%
in the Morris water maze test; interestingly the increase of
hypoxia exposure did not result in greater memory impair-
ment (Fig. 2). Towfighi et al. stated that hippocampus
pyramidal cells are more resistant than cortical neurons in
animals exposed to HI at PND 2-3 during 30-90 min using
5% FIO, [24]. Previous reports using HI at PND 3 report that
short hypoxia exposure periods (90 min) caused significant
spatial memory deficits when compared to control group,
despite of mild histological tissue damage [20, 50]. Simi-
larly, Nunn and colleagues (1994) using the 4-vessel occlu-
sion model in adult rats reported that a small hippocampal
loss (from 10 to 30%) causes impairment in the Morris water
maze test [51]. Thus, spatial memory deficits can be induced
both by mild and severe injuries. This could occur due to the
higher vulnerability of hippocampal neurons during active
neural proliferation at the postnatal period [42, 52, 53]. The
fact that the long-lasting spatial learning and memory deficit
was independent on the duration of hypoxia suggests that, in
moderate/severe hippocampal cell loss, differences in brain
remodeling are very subtle and may stabilize in adulthood,
resulting in a cognitive impairment limit.

The progressive tissue loss consequent to the increasing
hypoxia exposure suggest an exacerbation of the cascade of
events responsible for tissue and cellular damage follow-
ing HI insult, such as excitotoxicity, neuroinflammation and
oxidative stress, which are well described in the literature
[54-57], causing a progressive increase in the overall cer-
ebral lesion. Furthermore, prolonged periods of hypoxia
could interfere in neuroplastic responses to HI, both in the
remaining tissue and in the contralateral brain structures to
the carotid occlusion [58, 59]. In the experimental model of
HI the combination of permanent carotid occlusion with the
exposure to a hypoxic environment is important to mimic
neonatal HI effects, since focal ischemia or hypoxia alone
do not cause brain damage at early ages [24].

Animals exposed to HI-210 min did not show greater hip-
pocampal damage when the ratio between injured (right)
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and non-injured (left) hemispheres was assessed, indicat-
ing that longer hypoxia periods cause histological altera-
tions also in non-ischemic structures of the contralateral
hemisphere, which could interfere in further compensatory
brain mechanisms and in the functional recovery [58]. It is
well-known that neonatal HI causes a significant reduction
in the ipsilateral hemisphere to carotid occlusion as well
as in brain structures such as cerebral cortex, corpus callo-
sum and hippocampus [42, 50], allowing the observation of
focal effects. However, the exposure to 210 min of hypoxia
showed a high prevalence of global hypoxia damage, over-
riding the focal ischemia injury. The reduction observed in
brain structures of the contralateral hemisphere in animals
exposed to the longer hypoxia period should be considered
in future research, since assessments that require asymmetry
evaluation between contralateral and ipsilateral hemispheres
would not be useful. This may be the case for motor tests,
such as the cylinder test, and for histological evaluation
using ipsi/contralateral ratios.

Astrocytes are major glial cells acting in the interhemi-
spheric remodeling during neurodevelopmental period and
play a major role in modulating neurons and oligodendrocyte
function, synapses formation, plasticity and sculpting the
developing neuronal circuits [60, 61]. Moreover, astrocytes
are important mediators of pathogenesis after brain injuries
such as HI [62]. Reactive astrocytes can reduce or exacer-
bate the damage, depending on the injury severity [63], and
have been associated with a diffuse glial reaction follow-
ing white matter injury in preterm newborns [62]. Previ-
ous reports showed that astrocyte morphology is related to
pathophysiological responses to injury and to recovery pat-
terns following ischemic or hemorrhagic stroke [40, 64, 65].
In the present study, immunofluorescence analysis revealed
that only the HI-210 group presented an increase in reactive
astrogliosis. Nevertheless, Sholl’s analysis did not evidence
differences in astrocyte complexity in the corpus callosum,
a well described affected structure following HI at PND3.
In agreement, a previous study reported that animals sub-
mitted to HI at PND 7 did not exhibit astrocyte morpho-
logical changes, even in the presence of reactive astrogliosis
[26]. Segovia and colleagues (2008) reported similar results
using a model of chronic perinatal injury, suggesting that
despite white matter areas appear to be more vulnerable to
damage, this susceptibility was not associated with changes
of astrocytes morphology [66]. These results indicate that
astrocytes show greater resistance to increased periods of
hypoxia following perinatal HI and that astrocyte reactivity
is not followed by structural long-term changes as observed
after brain insults in adult animals [40, 67]. Hence, differ-
ences between neonatal and adult models may be dependent
on the number of astrocytes in the corpus callosum (greater
in older animals) and on their stage of neurodevelopment at
time of injury [27].

@ Springer

Summarizing, longitudinal assessment of PND3 rats
undergoing neonatal hypoxia—ischemia indicates that astro-
cytic response and progressive brain tissue damage are
determined by the duration of hypoxia. Regional suscepti-
bility of the immature rat brain to HI can involve both hemi-
spheres; with the longer hypoxia duration the contralateral
hemisphere is also affected. Furthermore, the association of
sensorimotor and spatial memory performance with brain
structures beyond the hippocampus suggests that complex
anatomical changes should be involved in functional altera-
tions taking place as hypoxia duration is increased, even
when the cognitive impairment limit is achieved. Therefore,
a better understanding of the HI model and its variables is
needed in order to predict tissue injury and the functional
deficits, which are important outcomes for developing and
evaluating experimental therapeutic strategies.
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