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ABSTRACT

Neonates that suffer oxygen deprivation during birth can have long lasting cognitive
deficits, such as memory and learning impairments. The hippocampus, one of the main
structures that participate in memory and learning processes, is a plastic and dynamic
structure that conserves during life span the property of generating new cells which can
become neurons, the so-called neurogenesis. The present study investigated whether a
model of rat neonatal anoxia, that causes only respiratory distress, is able to alter the
hippocampal volume, the neurogenesis rate and has functional implications in adult life.
MRI analysis revealed significant hippocampal volume decrease in adult rats who had
experienced neonatal anoxia compared to control animals for rostral, caudal and total
hippocampus. In addition, these animals also had 55.7% decrease of double-labelled
cells to BrdU and NeuN, reflecting a decrease in neurogenesis rate. Finally, behavioral
analysis indicated that neonatal anoxia resulted in disruption of spatial working
memory, similar to human condition, accompanied by an anxiogenic effect. The
observed behavioral alterations caused by oxygen deprivation at birth might represent
an outcome of the decreased hippocampal neurogenesis and volume, evidenced by
immunohistochemistry and MRI analysis. Therefore, based on current findings we
propose this model as suitable to explore new therapeutic approaches.

Keywords: Neonatal anoxia, MRI, Hippocampal neurogenesis, Working memory,Anxiety
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

Introduction

The brain injury due to oxygen deprivation at birth is one of the most common causes of
morbidity and mortality in term and preterm neonates, corresponding to 23% of
neonatal deaths in the world [22]. Its long-lasting effects include behavioral and
cognitive alterations, such as spatial memory and learning deficits, among others [14],
[9], [15], [43]. The developing brain is extremely sensitive to reduction in oxygen supply
and the hippocampus, a key region related to learning and memory, is one of the most

vulnerable regions of the anoxic brain [7], [49], [37], [43].

Different animal models were developed to study the effects of oxygen deprivation in
the immature brain. In rodents, the most frequently used are the Rice-Vannucci hypoxia-
ischemia [40] and the perinatal asphyxia models [6]. The first is induced unilaterally in 7-
day-old rats, and the latter consisted by the immersion of uterus containing the ready-
to-deliver fetuses in saline at 37 °C for 19-20 min [32], [14]. The neonatal anoxia model
was first described by Dell’Anna et al. [11] and was modified and validated by our group
[44], which consists in the exposure of 30-h-old rats to 100% nitrogen gas during 25 min
at 37 °C. Takada model causes a non-invasive global asphyxia extra-uterus in a very
immature brain (P1-P2 rats), which resembles the human condition experienced by
premature neonates [41], [43]. In other species, perinatal hypoxia—ischemia has been
used in sheeps [52], [4], [5], [50] and in rabbits [13], [45], in which kits present cerebral

palsy phenotype with limbs hypertonia.

A wide variety of sequelae has been described in consequence of these different models.
The Rice-Vannucci model has been used extensively to study the mechanisms of cell
death following hypoxia—ischemia [36], [18]. The perinatal asphyxia model, intra-uterus
oxygen deprivation, causes non-spatial working memory deficits, increased apoptosis in
the whole hippocampus at 30-45 days, increased mossy fiber sprouting in dorsal
hippocampus and increased anxiety behavior at 90 days [33]. In the neonatal anoxia
model, used in the present research, acute hippocampal cell death, spatial memory and

learning deficits in adult rats were observed after oxygen deprivation [43].

In humans, the relationship between hippocampal atrophy, memory impairments and
neonatal anoxia has already been described [1], [9]. In rodents, correlations between

hippocampal atrophy and oxygen deprivation have been described in stroke models
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[42]. Among the causes of hippocampal atrophy, we hypothesize that altered

neurogenesis rate can contribute to brain volume decrease.

Increasing evidence points adult neurogenesis as relevant for hippocampal functions,
such as spatial learning, object recognition and memory [12], [21], [31], [8]. It has been
recently demonstrated that early neonatal stimulation in rats promotes long-term
alterations in the behavioral repertoire [34], as well as in the dentate neurogenesis rate
[23], [27], [28]. Although some research report increased neurogenesis induced by
hypoxia—ischemia in adult rodents [19], [55], studies on the effects of neonatal hypoxia
in the proliferation and neurogenesis using this model of neonatal anoxic insult in rats
remain primary unknown.

The present model of neonatal anoxia [44] differs from other extensively investigated
models, such as hypoxia—ischemia and ischemia models [40], [48]. As it is a non-invasive
oxygen deprivation condition to the immature nervous system of rats its main
advantage is due that only the respiratory distress and its consequent systemic oxygen
depletion is assessed avoiding other sort of colateral stimulus as surgery stress, for

example.

An intriguing result coming from research of the present model was that anoxiated
animals did not demonstrate the usual pattern of decreasing latency scores in reference
memory task, probably because the anoxia subjects do not retain spatial information
during the time required to perform the evaluated task [43], suggesting a possible

impairment in working memory tasks.

Hippocampal cellular and subcellular changes, besides spatial learning and memory
impairments in rats, were also observed previously in the mentioned conditions [43]. We
now address the issue of whether those changes following neonatal anoxia intervention
alters the hippocampal volume and how can it affects neurogenesis, learning, working
memory and anxiety in adult rats. For that, we used double labeling BRDU/NeuN for
neurogenesis assessment, in-vivo MRI for volume analysis and elevated plus maze and

Morris water maze for behavioral evaluation.
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

Material and methods

Animals

All experimental procedures followed the Ethical Principles for Use of Animals in
Scientific Research formulated by the Brazilian College of Animal Experimentation
(COBEA) and were approved by the Ethics Committee of the Institute of Biomedical

Sciences of the Universidade de Sao Paulo (Protocol No. 190, book 2).

Male Wistar pups, approximately 30 h old, weighing 6-8 g, from 8 litters, reduced to 8
pups per dam, were obtained from the animal facility of the Department of Anatomy at
the Institute of Biomedical Sciences, Universidade de Sao Paulo (USP). The dams and
corresponding litters were housed at a controlled temperature (22 + 1 °C), with a 12-h
light/dark period (lights on at 7:00 AM), provided with food and water ad libitum. The
litters were randomly assigned to the anoxia or the control treatments such that each of
the resulting groups was composed of subjects coming from at least 2 different litters
(to avoid litter effects). After exposure to either anoxia or the control treatment, the pups
were returned to their mothers’ cage, where they remained until weaning at P21.

2.2. Neonatal anoxia

On postnatal day 1 (P1), 31 30-h-old male rats were submitted to continuous flow (3
L/min) of 100% nitrogen (N2) for 25 min at 37 °C and 101.7 kPa in a non-hermetic
chamber (anoxia group, n = 15) according to Takada et al. [44]. Control subjects were
exposed to continuous ambient air flow in the same chamber for the same conditions of
duration, temperature and pressure (control group, n = 16). After that, they were
returned to their mothers’ cage, where they remained during the weaning period (21

days).

BrdU injection and tissue preparation

For the analysis of neuronal differentiation and neurogenesis, the exogenous marker of
cells in the S phase of mitosis, 5-bromo-2'-deoxyuridine (BrdU), was used on P32. At this
age, the animals received a single intraperitoneal injection of BrdU (200 mg/kg) and after
28 days they were submitted to transcardial perfusion to study neural phenotype. The
BrdU (Sigma-Aldrich Company, St. Louis, MO) was dissolved in sterile saline (containing

0.007 N NaOH) and applied to a volume of 10 ml/kg body weight.
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Rats were deeply anesthetized with an intraperitoneal injection of chloral hydrate (33%)
and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M
PBS, pH 7.4, at 4 °C. The brains were dissected and subjected to overnight post-fixation
in the latter fixative solution, followed by immersion in a cryoprotective solution
composed of 0.1 M PBS and 20% sucrose for 48 h. The brains were then sectioned in a

microtome (CM 1950, Leica Biosystems, Germany), in 40 um thick serial sections.

Immunohistochemistry for BrdU and NeuN and BrdU/NeuN labeled cells

quantification

Initially, for the detection of BrdU immunoreactive cells, electrostatic slides containing
hippocampal sections of ten P60 rats (control group, n = 5; anoxia group, n = 5) were
boiled in 0.01 M citric acid (pH 6) for 7 min, washed in 0.1 M PBS, denatured for 30 min
with 2.4 N hydrochloric acid at 37 °C, washed again with 0.1 M PBS and incubated with a
monoclonal antibody raised in mice against BrdU (Vector Laboratories, Burlingame, CA,
USA, 1:100) at 4 °C for 48 h. After this period, the slides were washed in 0.1 M PBS and
incubated in a solution containing the secondary antibody conjugated with the
fluorophore Cy3 (Jackson Immuno Research Laboratories Inc., PA, USA, 1:1000) for 3 h at
room temperature. The slides were then washed in 0.1 M PBS and incubated in the
mouse conjugated antibody NeuN/AlexaFluor 488 (Corporate Headquarters Millipore,
MA, USA, 1:100) for 24 h at room temperature. After washing in 0.1 M PBS, the slides
were allowed to dry for two hours, then overlaid with coverslips using 50% glycerol in

deionized water as the mounting medium.

The analysis of neuronal phenotype was performed using an epifluorescence
microscope (E-1000, Nikon Corporation, Japan) considering BrdU/NeuN labeled cells in
the granular layer of the dentate gyrus of the hippocampus bilaterally under 400x
maghnification. A modified version of the optical fractionator method was employed for
the quantification [35]. Cellular co-localization was confirmed with confocal laser

scanning (LSM 510, Zeiss, Germany).

Magnetic resonance imaging (MRI)
Anoxia (n = 5) and control (n = 4) subjects were scanned 75 days after anoxia

experiments. Images were obtained in a 2 T/30 cm superconducting magnet 85310HR
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

(Oxford Instruments, Abingdon, UK) interfaced with a Bruker Avance AVIIl console
(Bruker-Biospin, Inc., Billerica, MA, USA) using a Paravision 5.0 software. A crossed saddle
radiofrequency coil [56] was used as a head probe in animals anesthetized with
ketamine/xylazine (95/12 mg/kg, i.p.). For volumetry, a T2-weighted RARE (Rapid
Acquisition with Refocused Echoes) sequence was used (TR = 4500 ms, TE = 67.1 ms,
RARE factor = 6, 18 averages, 45 min/animal). A volume of 40 x 40 x 11.2 mm3 was
covered with a 192 x 192 matrix and 700 um? slice thickness without gaps (16 slices),
generating a spatial resolution of 208 x 208 um?*

MRI data was analyzed using the Paravision 5.1 software. One author (RSP), blind to the
group’s identity manually outlined the hippocampus and intracranial vault. For
volumetric analyses, the region of interest (ROI) representing the hippocampus was
assessed in six regularly separated T2-weighted coronal sections (Fig. 1), from 2.1 mm to
6.1 mm caudal to bregma as previously described [38]. Measurements from both
hemispheres were matched. The three most rostral coronal levels (2.1, 3.6 and 4.1 mm
caudal to bregma) were considered as the rostral hippocampus and the three most

caudal ones (4.8, 5.2 and 6.04 mm caudal to bregma) as caudal hippocampus [53].

Fig. 1. MR coronal images of rat brain highlighting the hippocampal region. anoxia (n =
5) and control (n = 4) groups were scanned 75 days after anoxia experiments. Images
were obtained in a 2 T/30 cm superconducting magnet 85310HR (Oxford Instruments,
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Abingdon, UK) interfaced with a Bruker Avance AVIIl console (Bruker-Biospin, Inc.,
Billerica, MA, USA) using a Paravision 5.0 software. For volumetric analyses, the regions
of interest (ROI, highlighted) representing the hippocampus was assessed in six regularly
separated T2-weighted coronal sections, from 2.1 mm to 6.1 mm caudal to bregma as
previously described [53]. Measurements from both hemispheres were matched. The
three most rostral coronal levels (2.1, 3.6 and 4.1 mm caudal to bregma) were considered
as the rostral hippocampus and the three most caudal ones (4.8, 5.2 and 6.04 mm caudal
to bregma) as caudal hippocampus [53]. RH: Right hippocampus; LH: left hippocampus.

Elevated plus maze

Behavioral tests were carried out on P90 with 14 animals. The elevated plus maze (EPM)
was used to analyze anxiety-like behaviors and aversive memory in test-retest
paradigm. The apparatus consisted of two open arms (50 cm X 10 cm) crossed at right
angles with two opposed arms of the same size. Two of the opposed arms were
enclosed by walls 40 cm high, except for the central part (10 x 10 cm) where the arms
crossed. The whole apparatus was elevated 50 cm above the floor. The experimental
sessions were recorded by a video camera and the XPLORAT software
(http://scotty ffclrp.usp.br/page.php?6) was used for the behavioral analysis.

Each rat was placed in the central square facing one of the closed arms and allowed to
explore the elevated plus-maze for 5 min (test session). Then, the animal was returned to
the home cage for 5 min. After this 5 min inter-trial interval, the rat was placed again in
the elevated plus-maze for a new exploration period of 5 min (retest session). After
testing each rat, the maze was cleaned with a solution of 10% ethanol and then dried
with a cloth.

The behavioral measures in this study were categorized as: (1) measures of anxiety
(entries, distance run, and time spent in the open arms) and (2) measures of general
activity (entries, distance run, and time spent in the closed arms). The time spent in the

open and closed arms was investigated in an additional minute-by-minute analysis.

Morris water maze apparatus and spatial working memory test

The Morris’ water maze apparatus and the procedures employed were similar to those
described by Xavier et al. [54]. The pool was a round, black fiberglass tank, 200 cm in
diameter, 50 cm in height, filled to a depth of 25 cm with water (26 °C = 1). A movable

circular plastic platform 9 cm in diameter, mounted on a plastic column, was placed in
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

the center of one of the quadrants of the pool, about 2 cm below the water surface. For
descriptive data analyses, an area measuring 30 cm in diameter, concentric to the
platform, named critical counter, was defined. The frequency of entrances within the
critical counter and the percentage of time spent in it relative to the time spent in the
remaining pool areas, provided specific indexes of spatial location. The water maze was
located within a 3.13 x 3.5 m room with several salient cues hanging on the walls.

Each trial constituted by placing the rat near the border of the pool (in one of the
variable starting locations) and allowing it to swim until the platform was located. If the
rat did not find the platform within 120 s, the animal was then manually guided to the
platform, where it remained for a 10 s period. The trials were recorded using a
computerized video-tracking system (Ethovision Pro, Noldus Information Technologies,
Wageningen, Netherlands) which allowed to measure the latency, the path length and
the time spent within and the frequency across the critical counter.

First, the rats were exposed to acquatic environment for adaptation for 6 days in a
manner that the working memory was not required. Then, the animals were tested along
three trials per session, one session per day. The platform location was changed from
session to session. Four different remote starting locations were used in a different order
each day. On the first 4 days, the intertrial interval (ITl) was 10 min, while on the last 4
days it was virtually zero (the rats were taken from the platform straight to the next trial),
thus stimulating maintenance of the critical information about the platform location for
variable periods of time in each session.

Acquisition of the spatial working memory task was assessed by decreases of latency
and path length, and by the percentage of time spent within the critical counter where

the platform was located in the previous session.

Statistical analysis

The estimated numbers of double-labeled cells (BrdU/NeuN) in the DG for P60 subjects
exposed to either anoxia or control treatments were compared using the Kruskal-Wallis
test after Shapiro-Wilk normality analysis (W = 0.93; p = 0,48). MRI results were
expressed as mean + SD. Comparisons across different groups were conducted using
one-way ANOVA (Bonferroni post-hoc). Statistical significance was considered when p <

0.01. Scores on the water maze working memory test and elevated plus maze were
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analyzed using a repeated-measures ANOVA using treatment as the between-subjects
factor and sessions and trials as within-subjects factors (SAS Institute Inc., Cary, NC, USA).
Differences were considered significant when p < 0.05. Tukey—Kramer post-hoc analyses
were conducted when p values reached significance. These data were presented as

means + S.E.M

RESULTS

Immunohistochemistry for BrdU/NeuN

Quantification of marked neural cells by double immunofluorescence (BrdU/NeuN) in
the dentate gyrus of the hippocampus, indicative of neuronal differentiation, was
performed in adult rats (P60). anoxia treatment resulted in 55.7% reduction of double-
labeled cells in dentate gyrus compared to control (H[1,n = 10] = 6.81; p = 0.0090; P60:
control group: 2035.2 + 284.721; anoxia group: 902.4 + 127.81) (Fig. 2), suggesting a

decreased hippocampal neurogenesis.

Number of BrdU/NeuN cells

u Control

Anoxia

Fig. 2. Decreased number of BrdU/NeuN cells in the dentate gyrus of P60 rat submitted
to neonatal anoxia. A, B and C: Immunohistochemistry microphotographies of dentate
gyrus in coronal slice of rat submitted to neonatal anoxia. D: Number of BrdU/NeuN cells
in the dentate gyrus of P60 rats showing decreased quantity in anoxia group (n = 5,
902.4 + 127.81) when compared to control group (n =5, 2035.2 £ 284.721). H(1,n =10) =
6.81; *p = 0.0090.

MRI
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

Hippocampal MRI volumetric findings are summarized in Fig. 3. P75 subjects submitted
to anoxia had hippocampal volume decreases (18.1 + 0.6; 43.3 + 0.5; 61.4 = 0.7 mm3)

compared to control animals (19.6 + 0.4; 48.7 + 2.2; 68.4 + 2.2 mm3) for their rostral,

caudal and total hippocampus, respectively (Fig. 3; p < 0.01).

1 Control *

£70
Anoxia
0 * I

Fig. 3. Hippocampal MRI volumetric findings following neonatal anoxia. Left pannel:
coronal images from MRI of P75 subjects submitted to anoxia (A-F) and control group
(G-L). Right panel: the mean hippocampal volume of anoxia group (rostral: 18.1 + 0.6;
caudal: 43.3 £ 0.5; total: 61.4 £ 0.7 mm3), was reduced when compared to control group
(rostral: 19.6 + 0.4; caudal: 48.7 + 2.2; total: 68.4 + 2.2 mm3), *p < 0.01.

Anxiety-like behavior and aversive memory

The percentage of time spent on the open arm (Fig. 4A) and in the central square (Fig.
4C) was significantly lower in anoxia than in control group in session 1 (Fp.4 = 7,84, p <
0.009) as well as the entries in closed arms (Fig. 4D, Fpoq = 18,92, p < 0.0022). The
percentage of time spent on the closed arm was significantly higher in anoxia than in
control rats in session 1 (Fig. 4B, Fu.q = 13,84 p < 0.0022). The comparison of the
percentage of time spent in arms during session 1 (test) and session 2 (retest) indicated
significant difference between time spent in open and closed arms in sessions 1 and 2 in
control group only. In both sessions 1 and 2 all animals spent more time in the closed

than in the open arms (group, arm and test-retest interaction: Fj60; = 3.73, p < 0.05).
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Elevated Plus Maze
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Fig. 4. Effect of neonatal anoxia on the elevated plus maze navigation in adult rats.
Percentage of time in open and closed arms using the paradigm of test-retest (sessions
1 and 2). Data (£S.E.M.) were analyzed using two-way analysis of variance (ANOVA),
using the groups (control and anoxia) as the between-subject factor and the arms (open
and closed) or test and retest as the within-subject factor. Post-hoc analysis with the
Tukey-Kramer test are indicated as follows: #, significant difference between test and
retest, p < 0.05; *, group significant difference, p < 0.05; (A) percentage of time in open
arms; (B) percentage of time in closed arms; (C) percentage of time in central square; (D)
number of entries in closed arms.

Spatial working memory

On the first trial, when the critical information about platform location was unknown,
the latency (Fig. 5A) and the path length (Fig. 5B) scores were relatively longer. However,
in trial 2, when the rats could use the information about the platform location obtained
in trial 1, the subjects exhibited latency and path length decrements, which were

stronger when the ITl was zero.

The anoxia group showed significantly higher values for the latency in ITI 10 (group

effect: Fpi1481= 7,35; p < 0,01. Fig. 5A, left), but showed no differences from the control
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

group in ITI 0 (group effect: Fi,1311 = 0.10; p = 0.74, Fig. 5A, right). There was a significant
interaction between group, ITl and trials (Fp321; = 3.62; p < 0.05). The Tukey-Kramer test
revealed significant differences between the means of the first trials and trials 2 and 3 in
the control group in ITI10 and ITIO and significant difference between the means of the
first trials and trials 2 and 3 in group anoxia only in ITI 0. There was also a significant

difference between the Trials 2 in ITI 10 between the control and anoxia group.

Path lenght was not signifficantly different between groups in ITI 10 (Fig. 5B, left) or ITI O
(Fig. 5B, right). However, there was a significant interaction between Group, ITl and trials
(Fr3211 = 4.20; p < 0.05) (Fig. 5B). Tukey-Kramer test revealed significant differences
between the means of the first trials and trials 2 and 3 in the control group in ITI 10 and
ITI 0. In anoxia group there was significant difference between the means of the first
trials and trials 3 in ITl 10, yet ITIO the means of the first trials are significant different

from the trials 2 and 3.

The analysis of the time spent in the critical counter where the platform was located the
previous day can contribute to evaluate long-term memory and differences in the search
strategy. Group effect occurred in ITI 10 (F1,165 = 4.09; p < 0.05), however did not occur in
ITI O (Fu,132 = 0,01; p = 0,89). Tukey-Kramer test showed significant differences in ITI 10
between means of the first trials and trials 2 and 3 in the control group, however no

differences occur in the anoxia group in ITI 10 and also in both groups in ITI 0 (Fig. 5C).

Swim speeds scores exhibit significant main effects ITI (13211 = 41.14, p < 0.05) and trial
(Fizs41 = 1.63, p > 0.18). In contrast, ANOVA revealed lack of significant main group effect
(Fp3211 = 1.37, p = 0.25). In addition, ANOVA revealed significant group X trial (Fp321 =
5.19, p < 0.05) interaction effects for this score, indicating that variation along the trials

depended upon the treatment (Fig. 5D).
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Fig. 5. Morris Water Maze test to evaluate spatial working memory in adult rats
submitted to neonatal anoxia. Effect of neonatal anoxia on the acquisition of P90 rats
spatial working memory task in the water maze task over median of 3 trials along
sessions (4 session per ITl), as revealed by latency (A); path length (B); (C) percentage
time spent in previous-day critical counter and (D) swimming speed. Data (+S.E.M.) were
analyzed using repeated-measures analysis of variance (ANOVA), using the groups
(control and anoxia) as the between-subject factor and the ITl or trial as the within-
subject factor. Post-hoc analysis with the Tukey-Kramer test are indicated as follows: ¥,
trial 1 significant difference trials 2 and 3 within control group; #, trial 1 significant
difference trials 2 and 3 within anoxia group; $, trial 1 significant difference trial 3 within
anoxia group; **, group significant difference. The significance level adopted was p <
0.05.
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Chapter 6 Neonatal anoxia and adult neurogenesis and behavior

Discussion

Neonatal injury is matter of concern since, the developing nervous system presents
important sensitivity to variations in oxygen supply. Although its plastic remodeling
capacity is high, particularly in the hippocampus [10], some undesirable morphological,

sensorymotor and behavioral effects have been reported.

Stressors and brain injuries during development, coming from various sources, can
result in significant and sustained decreases in cortical and hippocampal volumes [41].
Maternal separation, for example, is a stressor factor that showed to decrease
hippocampal volume until the age of P30 in mice [17]. Also, traumatic brain injury was
assessed by neuroimaging studies that have consistently documented widespread brain
atrophy during infancy and childhood [51]. Prematurity is another stressor event that
leads to volume alterations in some brain structures and it is probably correlated to

disruption in postnatal neurogenesis [29].

In neonatal hypoxia—ischemia or stroke rodent models, atrophy of the white and gray
matter, including hippocampus, is a frequent finding [47], [19], [42]. This atrophy seems
to be due to the loss of infarcted tissue and impaired development of the surrounding
tissue over time [25], [26]. Therefore, our hypothesis in this study was that this model of
neonatal anoxia might interfere in a peculiar way in the hippocampal response related
to its volume, adult neurogenesis and function.

Indeed, our results showed that this model of neonatal anoxia promotes long-term
effects, such as decreased hippocampal volume and impaired neurogenesis rate along

with disruption of spatial working memory and anxiety.

In humans, a correlation between developmental amnesia and altered anatomical and
functional maturation of hippocampus-dependent memory processes was shown.
Analysis of medical records in each one of the cases, revealed a history of hypoxia-
ischemia perinatal or later in childhood by different causes [1]. A cohort study
investigated 40 children who had been treated neonatally for acute respiratory failure
but were free of overt neurological impairment. The cohort presented decreased mean
of hippocampal volumes when compared to normal control values, memory scores
significantly below the standard population means, and memory quotients significantly

below those predicted by their full scale 1Qs. Stepwise linear regression models revealed
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that the cohort’s hippocampal volumes were predictive of some degree of memory
impairment. In addition, the gestational age at the treatment was also predictive of
hippocampal volumes losses: the younger the age, the greater the atrophy [9], specially

considering critical periods of development.

It was recently shown that neonatal anoxia leads to disruption of reference spatial
memory associated to impairments in the spatial working memory in adulthood [43].
Beyond the cell death observed in hippocampus, as previously reported, the decreased
neurogenesis can contribute to the behavioral outcome. Subjects submitted to neonatal
anoxia presented higher values for the latency in ITI 10, indicative of deficits to retain
information. When analyzing long-term memory and differences in the search strategy,
anoxia subjects presented persistence of the same search strategy in ITI 10, indicating a

lack of flexibility to change strategies.

Similar alterations in working memory have been observed in humans that suffered
from oxygen deprivation at birth. A group of adolescent humans with clinical history of
mild and moderate perinatal asphyxia were assessed neuropsychologically. Subjects
with moderate perinatal asphyxia showed significant differences in tests assessing
attention and executive functions that were not observed after mild hypoxia [30].

The reduced hippocampal volumes have been related not only in memory impairments
but in several psychiatric conditions, including anxiety disorders [20]. The current MRI
data evidencing the global reduction of hippocampal volume led us to hypothesize that
neonatal anoxia would result in anxiety-like alterations. Accordingly, data from elevated
plus maze indicates, that the percentage of time spent on the open arm was significantly
lower and the percentage of time spent on the closed arm was significantly higher in

anoxia subjects than in controls, indicating an anxiogenic effect of neonatal anoxia.

Dorsal hippocampus has a preferential role in spatial learning and memory, while ventral
hippocampus is associated with anxiety-related behaviors [2], [46]. Hippocampal
neurogenesis can influence and be modulated by the emotional state of the animal,
suggesting that adult neurogenesis within the dentate gyrus may contribute to

psychiatric disorders and cognitive abilities [46].

Although cell death plays an important role in the hippocampus atrophy and memory
impairments, other causes might also influence these results. Therefore in this study the

hippocampal neurogenesis was investigated. The most frequent finding in rodent
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models of neonatal hypoxia—ischemia or asphyxia and adult stroke is the increase in cell
proliferation and neurogenesis in hippocampus [10], [3], [39], [32], [16]. In these studies,
hippocampal neurogenesis was assessed at different time points compared to our study,
such as 1 week after perinatal asphyxia [32] or 3, 10 and 35 days after hypoxia—ischemia
[3] or different degrees of hypoxia were used [10], [39]. However, our results showed a
decrease of BrdU-labelled cells in the dentate gyrus of hippocampus at P60 after
neonatal anoxia, what reflects on diminished neurogenesis. This result is quite intriguing
and perhaps the subtle differences between the present model and the cited others

could lead to these findings.

Corroborating the present study, a previous research using a modified model of
unilateral carotid ligation, which leads to infarcts in postnatal day 12CD1 mice, for
example, showed that the neurogenesis derived from the subventricular zone (SVZ) and
the subgranular zone (SGZ) of the dentate gyrus subsequent to injury at 1 week after
neonatal ischemia these layers maintained cell-lineage commitment patterns similar to
sham controls. However, the total number of hippocampal SGZ-derived new neurons

was reduced bilaterally; in contrast, the SVZ-derived neurogenesis was amplified [19].

It seems that some conflicting findings are dependent on the age of the animal, the
underlying mechanisms, location and severity of injury [41]. An explanation for these
findings might be the depletion of precursor cells, as already suggested [24]. However,
the consistent and clear behavioral deficts related to structural damage, suggest this
model of neonatal anoxia as suitable tool to mimetize the consequences of neonatal
oxygen depletion in hippocampal neurogenesis following a global insult, which might
be useful to explore therapeutical strategies to the cognitive deficits resulting from this

condition.
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Conclusions

In conclusion, the present model of neonatal anoxia in rats promoted decreased
hippocampal volume, which is probably related to diminished hippocampal
neurogenesis in adult rats resulting in working memory impairment and anxiogenic
effect. Similar conditions of hippocampal atrophy and disrupted executive function in
adult humans who suffered neonatal anoxia corroborates such findings. The possibility
to have a decreased neurogenesis as one of the causes of this impairment is positive,
once neurogenesis can be extrinsically upregulated. Therefore, the adopted model
constitutes an useful tool to explore new therapeutics or strategies to overcome or

minimize the undesired effects of oxygen deprivation.
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