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Abstract

Neonatal anoxia in rodents has been used to better understand brain changes and
cognitive dysfunction following asphyxia. This study investigated the time-course of
cellular and subcellular changes and hippocampal cell death in a non-invasive model of
anoxia in neonatal rats, using Terminal deoxynucleotidyl transferase-mediated dUTP
Nick End Labeling (TUNEL) to reveal DNA fragmentation, Fluoro-Jade B (FJB) to show
degenerating neurons, cleaved caspase-3 immunohistochemistry (IHC) to detect cells
undergoing apoptosis, and transmission electron micros-copy (TEM) to reveal fine
ultrastructural changes related to cell death. Anoxia was induced by exposing postnatal
day 1 (P1) pups to a flow of 100% gaseous nitrogen for 25 min in a chamber maintained
at 37 LC. Control rats were similarly exposed to this chamber but with air flow instead of
nitro-gen. Brain changes following anoxia were evaluated at post-natal days 2, 14, 21
and 60 (P2, P14, P21 and P60). In addition, spatial reference memory following anoxia
and control treatments was evaluated in the Morris water maze, starting at P60.
Compared to their respective controls, P2 anoxic rats exhibited (1) higher TUNEL
labeling in cornus ammonis (CA) 1 and the dentate gyrus (DG), (2) higher FJB-positive
cells in the CA2-3, and (3) somato-dendritic swelling, mitochondrial injury and
chromatin condensation in irregular bodies, as well as other subcellular features
indicating apoptosis, necrosis, autophagy and excitotoxicity in the CA1, CA2-3 and DG,
as revealed by TEM. At P14, P21 and P60, both groups showed small numbers of TUNEL-
positive and FJB-positive cells. Stereological analysis at P2, P14, P21 and P60 revealed a
lack of significant differences in cleaved caspase-3 IHC between anoxic and control
subjects. These results suggest that the type of hippocampal cell death following
neonatal anoxia is likely independent of caspase-3 activation. Neonatal anoxia induced
deficits in acquisition and performance of spatial reference memory in the Morris water
maze task. Compared to control subjects, anoxic animals exhibited increased latencies
and path lengths to reach the platform, as well as decreased searching specifically for
the platform location. In contrast, no significant differences were observed for
swimming speeds and frequency within the target quadrant. Together, these behavioral
results indicate that the poorer performance by anoxic subjects is related to spatial
memory deficits and not to sensory or motor deficits. Therefore, this model of neonatal
anoxia in rats induces hippocampal changes that result in cell losses and impaired
hippocampal function, and these changes are likely related to spatial memory deficits in
adulthood.

Keywords: apoptosis, hippocampal cell death, spatial memory, neonatal hypoxia,
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Introduction

Neonatal anoxia is a major cause of brain injury at birth. It affects s 0.1-0.3% of full-term
infants (Kurinczuk et al., 2010) and approximately 60% of low-weight premature infants,
thus constituting a major public health concern (Vannucci et al., 1999; Suguihara and
Lessa, 2005). Long-lasting cognitive consequences of neonatal anoxia include deficits in
spatial learning and memory (Buwalda et al., 1995; Cannon et al., 2002; Caputa et al.,
2005; Rogalska et al., 2006), which may be related to hippocampal damage (Leuner et al.,
2006; Winocur et al., 2006).

The mammalian brain is extremely vulnerable to oxygen deprivation. Such episodes
trigger cascades of biochemical events, including disruption of energy metabolism,
acid-base imbalance, accumulation of reactive oxygen species and excitatory amino
acids in the extracellular medium, loss of cellular water content, and they induce either
injury or death in susceptible cells (Engidawork et al., 1997; Vexler and Ferriero, 2001;
Lutz and Prentice, 2002). Hippocampal vulnerability to oxygen deprivation has been
described using rodent models of both hypoxia-ischemia and hypoxia (Johnston, 2001;
Daval and Vert, 2004; Liu et al., 2008; Yang et al., 2011); this vulnerability appears to be
related to hippocampal plasticity (Shors et al., 1989).

Takada et al. (2011) reported an animal model of global anoxia involving exposure of
neonatal rats to continuous 100% nitrogen gas flow, at 3 L/min and 101.7 kPa, in a non-
hermetic chamber, at 37 °C for 25 min. Fos immunoreactivity revealed neuronal
activation in brain areas related to respiratory control. In addition, peripheral arterial
oxygen saturation decreased by 75% from its initial value, pH and partial pressure of
oxygen decreased, and partial pressure of carbon dioxide increased, thus indicating
metabolic acidosis. Further, the subjects exhibited hypoxemia and hypercapnia,
symptoms also present in human neonatal anoxia. The brain cell death and its functional
consequences using this anoxia model have not previously been described. Because this
anoxia model provides precise and standardized control of the anoxic condition, it
represents a valuable non-invasive and practical animal model for identifying the brain
changes that follow neonatal anoxia and the mechanisms underlying those changes.
Thus, its potential use may extend to investigations of novel therapeutic strategies to

prevent consequences of neonatal anoxia.
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This study aimed to investigate the effects of neonatal anoxia, as reported by Takada et
al. (2011), on both (1) the time-course of hippocampal neuronal changes by combining
techniques such as the Terminal deoxynucleo-tidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL), which allows evaluation of DNA fragmentation and is
considered a gold standard to detect apoptosis in situ (Galluzzi et al., 2012), Fluoro-Jade
B (FJB), an anionic fluorescein derivative that is useful for the histological staining of
neurons undergoing degeneration(Schmued and Hopkins, 2000),
immunohistochemistry (IHC) for cleaved caspase-3, which allows the identification of
caspase-3-dependent apoptosis (Galluzzi et al, 2012), and transmission electron
microscopy (TEM), to visualize the fine ultrastructural modifications that accompany cell
death, in independent groups of rats at the postnatal days 2, 14, 21 and 60 (P2, P14, P21
and P60, respectively), and (2) spatial learning and memory in young adult rats (P60)

using the Morris water maze task.

Although cognitive changes and cerebral cell death have been extensively investigated
using other animal models of oxygen deprivation, the approach employed in the
present study provides advantages. First, non-invasive global oxygen deprivation in
neonatal rats up to 30 h after birth appears to parallel the experience of low-weight
premature infants because the rats are subjected to anoxia at a brain maturation stage
that corresponds to that of humans born prematurely (Semple et al, 2013), thus
representing an analogously valid model. Second, one of the main findings following
oxygen deprivation at this period in rodent models corresponds to white matter
damage associated with no gross morphological alterations in gray matter (Puyal et al.,
2013). The hypothesis to be evaluated in this study is that cellular and subcellular
alterations that follow anoxia may also be revealed in hippocampal neurons by using the
above-mentioned techniques. Thus, at the behavioral level, it is expected that rats
subjected to neonatal anoxia will show disruption of spatial learning and memory in the
Morris water maze, a behavioral task known to be sensitive to hippocampal function
(Morris et al., 1982; Xavier et al., 1999). In addition to further characterizing this animal
model of neonatal anoxia, the understanding of the neuronal alterations and cognitive
disruption that follow anoxia using this procedure may open new possibilities for
evaluating possible treatments and procedures to prevent the adverse effects of
neonatal-anoxia
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Experimental procedures

Animals and groups

One hundred and eight male Wistar pups, approximately 30 h old, weighing 6-8 g, from
litters reduced to eight pups per dam, were obtained from the animal facility of the
Department of Anatomy at the Institute of Biomedical Sciences, University of Sdo 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), and they were provided with
food and water ad libitum. The litters were assigned to either the anoxia or the
corresponding control treatments (see below) such that each of the resulting groups
was composed of subjects coming from at least two different litters. After exposure to
either anoxia or the control treatment, the pups were returned to their mothers’ cages,
where they remained until perfusion. Weaning, when applicable, occurred at P21. To
evaluate the time-course of the ensuing brain changes, independent groups of subjects
exposed to anoxia or control treatments were perfused either at P2 (24 h after the
treatment), P14, P21 or P60, adopting protocols adequate for later processing using IHC,
TUNEL and FJB techniques. For TEM analysis, brain processing occurred at P2. The
number of subjects included in each condition for each technique is summarized in
Table 1.

All experimental procedures complied with 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 University of Sdo Paulo (Protocol No. 134, book 2).

Neonatal anoxia

Anoxia was induced in 30-h-old rats using the procedure previously adapted and
validated by Takada et al. (2011). In short, subjects 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 Treatment). Control subjects were exposed to continuous air flow in
the same chamber for the same period of time and with the same temperature and
pressure (Control Group). After exposure to the chamber, the pups were returned to
their mothers’ cages, where they remained until transcardial perfusion occurring either

24 h later (P2), or at P14, P21 or P60, or until the beginning of the behavioral testing.
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Table 1. Nurnbers of subjects included in each group as a function of both the age at perfusion (P2, P14, P21 and P60}
and treatment (anoxia vs. control), as well as the technigue used for evaluation of either hippocampal (FIB, TUNEL, IHC
or TEM) or behavioral changes (Morris water maze)

Nurnber of
Technique subjects

P2 P14 P21 P60

Anoxi Anox

Control a Control Anoxia Control ia Control Anoxia
FJB 4 4 3 3 3 3 3 3
TUNEL 4 4 3 3 3 3 3 3
IHC 5 5 5 5 5 5 5 5
TEM 2 2 - - - - - -
Morris water maze - - - - - - 7 5
Total 15 15 1 n 1 1 18 16

Tissue processing

The pups whose brain tissue was processed for FJB, TUNEL and caspase-3 IHC 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

phosphate-buffered saline (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 frozen in a solution of water-soluble glycols and resin (Tissue-Tek O.C.T.

Compound, Sakura, Tokyo, Japan) and stored at 80 °C until sectioning in a cryostat (CM

1950, Leica Biosystems, Wetzlar, Germany), in serial sections of either 30- (for FJB and

TUNEL) or 40-Im thickness (for IHC).

The samples for TEM were prepared using the fixative modified Karnovsky solution

containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate

buffer (pH 7.4) (Watanabe et al., 2013). Blocks of dissected hippocampal samples were

immersed in the same fixative solution for 3 h at room temperature, rinsed with 0.1 M

sodium cacodylate buffer and sectioned frontally (50-Im thick) using a vibratome

(Vibratome 3000 sectioning system, The Vibratome Company, St. Louis, MO, USA)

equipped with a bath cooling system (VB 900r, The Vibratome Company, St. Louis, MO,

USA). The sections were post-fixed in 1% OsO4 for 2 h at 4°C, washed in 0.9% saline and

immersed in 0.5% aqueous uranyl acetate solution for 8 h at room temperature.

Following dehydration in ethanol and propylene oxide, the samples were immersed in
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1:1 Spurr resin and propylene oxide (Electron Microscopy Sciences, Hatfield, PA, USA) for
4 h. Next, they were embedded in pure Spurr resin for 16 h at room tempera-ture. Then,
the sections were embedded in Spurr resin between acetate sheets for 1 h at 37<and for
96 h at 60 °C. The subfields of the hippocampus samples were isolated and sectioned at
2 Im with a glass knife on an LKB ultramicrotome (Leica Ultracut UCT, Leica Microsys-
tems, Vienna, Austria) and mounted and stained with 2% toluidine blue for light
microscopy. Ultra-thin sections (90 nm) of the selected areas were cut and collected in a
200-mesh copper grid, counterstained with uranyl acetate and lead citrate (Watanabe
and Yamada, 1983) and examined using a JEOL 1010 transmission electron microscope

(JEOL USA Inc., Peabody, MA, USA).

IHC for cleaved caspase-3

IHC for cleaved caspase-3 was employed to identify caspase-3-dependent apoptosis via
stereological quantification. Brain sections (40-Im thick) were washed with 0.1 M PBS
and then quenched in boiling 0.01 M citric acid solution (pH 6) for 7 min for antigen
retrieval. After cooling for 20 min, the sections were washed in PBS and blocked for 40
min in 0.3% Triton X-100 in PBS containing 5% normal goat serum (NGS, Vector
Laboratories, Burlingame, CA, USA) and then incubated in blocking solution containing
anti-cleaved caspase-3 primary antibody (1:100, ABCAM, Cambridge, MA, USA) for 48 h
at 4 °C. Then, the sections were washed and incubated in biotinylated antibody solution
(1:1000, ABCAM, Cambridge, MA, USA) in 0.3% Triton X-100 in PBS for 90 min at room
temperature. The sections were washed again in PBS and incubated with an avidin-
biotin complex (1:500, Vector Laboratories, Burlingame, CA, USA), followed by three
washes of 10 min each and stained with 3,30-diaminobenzidine (DAB) substrate. The
sections were then counterstained with thionin, dehydrated with an increasing series of
ethanol, diaphanized in xylene and coverslipped with DPX as the mounting medium

(Millipore Corporate Headquarters, Billerica, MA, USA).

Fluoro-Jade B staining

Fluoro-Jade B staining was performed on cryostat-sliced 30-Im brain sections, collected
on gelatin-coated slides, allowed to dry at room temperature and stored at 20 OC. Before
staining, the sections were quickly immersed in 0.1 M PBS and dried at 37 OC for 24 h.

Next, the slides were immersed in 100% ethanol for 3 min, 70% ethanol for 1 min and
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distilled water for 1 min. Then, the slides were placed in a solution of 0.06% potassium
permanganate on a shaker for 15 min and washed two or three times with distilled
water for 1 min. From this step onward, the procedures were conducted under low light.
The slides were placed in 0.001% FJB solution on a shaker for 30 min and immersed
three times in distilled water for 1 min. To counterstain the investigated structures, the
subsequent series were stained with thionine. Next, the slides were diaphanized in

xylene and coverslipped using DPX mounting medium.

TUNEL staining

The Dead End Fluorometric TUNEL System (Promega, Madison, WI, USA) was used with
minimal protocol modifications for 30-Im-thick sections. After washing in PBS, the
sections were permeabilized in Proteinase K solution (1:500), followed by washing in PBS
and incubation in Equilibration Buffer solution for 5 min at room temperature. Then,
Terminal deoxynucleotidyl transferase (TdT) reaction mix solution was pipetted onto the
sections, and the sections were incubated at 37 LC for 1 h in a humidified chamber
protected from light. Next, the slides were immersed in 20 SSC solution for 15 min,

washed in PBS and coverslipped with DAPI/Antifade (Millipore, Billerica, MA, USA).

FJB and TUNEL quantification analysis

FJB- and TUNEL-positive cells of P2 subjects exposed to either anoxia or control
treatment were counted throughout the dentate gyrus (DG) and the cornus ammonis
(CA) 2-3 and CA1 hippocampal subfields in six semi-serial coronal hippocampal sections
(30 Im) spaced 360 Im apart, beginning approximately 2.28 mm caudal to Bregma. The
sections were analyzed under a fluorescence microscope (Nikon Eclipse E-1000, Nikon
Instruments Inc., Melville, NY, USA) using 450-490-nm light for excitation. The
photomicrographs were captured using a camera (DFC 295, Leica Microsystems, Wetzlar,
Germany) coupled to a fluorescence microscope (DM 5500, Leica Microsystems, Wetzlar,
Germany) and using the deconvolution mode of the Leica Application Suite Advanced
Fluorescence software (LAS AF, Leica Microsystems, Wetzlar, Germany). No
quantification was performed for subjects at P14, P21 and P60 because they did not

present extensive FJB- or TUNEL-positive cells.

Stereological analysis of cleaved caspase-3 immunoreactivity
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Cells immunoreactive for cleaved caspase-3 were estimated in the five subjects of each
group, using 40-Im-thick serial coronal sections spaced 400 Im apart. The thickness was
chosen based on the minimum thickness accepted for Optical Fractionator probes
considering tissue shrinkage after processing. An optical microscope coupled to a
camera (Nikon Instruments Inc., Melville, NY, USA), connected to a motorized stage (Ludl
Electronic Products, Hawthorne, NY, USA) controlled by Stereo Investigator software
(MBF Biosciences, Williston, VT, USA) was employed. A contour of the hippocampal
subfields was delineated at 4 magnification using Nissl counterstaining. To standardize
the subfield delineations in different hippocampal regions (ventral and dorsal), the hilus
was included in the analysis of the DG, and CA2 and CA3 were not differentiated
because Nissl staining does not allow precise differentiation of these regions. The
immunoreactive cells presenting strong and visible labeling were counted at 40

magnification. The counting frame size and the sampling grid were established based on

pilot studies (Table 2) (West and Gundersen, 1990).

Morris water maze apparatus and behavioral procedure

The Morris water maze apparatus and the procedures employed were similar to those
already described (Xavier et al., 1999). The pool was a round, black fiber-glass tank, 200
cm in diameter, 50 cm in height, filled to a depth of 25 cm with water (26 £ 1 LC). A
movable circular plastic platform 9 cm in diameter, mounted on a plastic column, was
placed in the center of one of the quadrants of the pool, approximately 2 cm below the
water surface. For descriptive data analyses, the critical counter was defined as the area
centered on the platform and measuring three times the platform diameter. The
frequency of entrances within the critical counter and the percentage of time spent in

that area relative to the time spent in the rest of the pool provided specific indices of
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spatial location. The water maze was located within a 3.13 3.5-m room with several

salient cues hanging on the walls.

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

In the water maze spatial reference memory-training task, the platform was located in a
single, fixed position in the center of the critical quadrant for the entire training period.
Each animal was subjected to four trials per session, one session per day, with an
intertrial interval (ITl) of 10 min, for six sessions. Due to a technical failure, data from the
first session were not recorded.

Acquisition of the spatial reference memory task was assessed by decreases in latency
and path length and by increases in both the percentage of time spent within the critical
counter and frequency across this area, which corresponded to the platform location.
Training proceeded until the subjects reached an asymptotic level of performance,
which occurred by the 6th session.

A probe test, with the platform removed, was conducted 24 h after the end of the
training phase. During this test, the animals were allowed to swim freely in the pool for 3
min. The percentage of time the animal spent within the critical counter and counter
frequency, in three time bins of 60 s each, allowed the assessment of long-term memory
for the platform location through the extent of the spatial bias toward its location in the
first time bin and the evaluation of the rate of extinction of this behavior by comparing

the same parameter over the three consecutive time bins.

Statistical analyses
The estimated numbers of TUNEL- and FJB-positive cells in the CA1 and CA2-3

hippocampal subfields and DG for P2 subjects exposed to either anoxia or control
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treatments were compared using the Mann-Whitney (Wilcoxon) W-test to compare
medians, alpha value = 0.05.

The estimated numbers of IHC-positive cells in the CA1, CA2-3 and DG for subjects at P2,
P14, P21 and P60, after exposure to either anoxia or control treatments, were subjected
to an analysis of variance (ANOVA) using Treatments and Postnatal day of perfusion as
the between-subject factors, followed, when required, by the Tukey post hoc test. An
independent ANOVA was run for each brain region. TEM analysis was descriptive only,
and the objective was to identify possible differences between control and anoxia
subjects at the ultrastructural level.

Scores on the water maze spatial reference memory test were analyzed using a
repeated-measures ANOVA using Treatments as the between-subject factor and
Sessions and Trials as within-subject factors (SAS Institute Inc., Cary, NC, USA). Probe-test
scores were analyzed using Treatments as the between-subject factor and time bin as
the within-subject factor. An independent ANOVA was run for each score. Differences
were considered significant when p < 0.05. Tukey-Kramer post hoc analyses were
conducted when p values reached significance. The data are presented as means *

SEM.
Results

Morphological data as revealed by TUNEL, FJB, IHC and TEM techniques

Briefly, as compared to their respective controls, P2 anoxic rats exhibited (1) higher
levels of TUNEL labeling in the CA1 and DG, (2) more FJB-positive cells in the CA2-3, and
(3) somato-dendritic swelling, mitochondrial injury and chromatin condensation in
irregular bodies and subcellular findings indicating apoptosis, necrosis, autophagy and
excitotoxicity in the CA1, CA2-3 and DG, as revealed by TEM. At P14, P21 and P60, each
group showed only a few TUNEL-positive and FJB-positive cells. Stereological analysis
revealed no significant differences in the levels of cleaved caspase-3 between anoxic
and control subjects, at P2, P14, P21 or P60, suggesting that the observed hippocampal
cell death following neonatal anoxia is likely independent of caspase-3 activation.

TUNEL and FJB. Representative photomicrographs of TUNEL-positive cells in the
hippocampal CA1 subfield at 24 h after neonatal anoxia are shown in Fig. 1B-D,

counterstained with 40,6-diamidino-2-phenylindole (DAPI) for histological reference
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(Fig. 1A). The number of TUNEL-positive cells as a function of the treatments, for subjects
perfused at P2, is estimated in Fig. 1E. Relative to the quantification of TUNEL-positive
cells (control, n = 4; anoxia, n = 4), significant differences between anoxic and control
groups were observed in CA1 (anoxia:175.5 + 6.5; control: 52.5 + 75W = 0, p = 0.03)
and in DG (anoxia: 68.5 + 7.7;control: 23.5 + 6.5, W = 0, p = 0.03); the number of
TUNEL-positive cells in CA2-3 did not differ between treatments (anoxia: 41.5 + 13.2;
control: 33.5 + 6.4, W = 8, p = 0.89). Fig. 1E shows that the number of TUNEL-positive
cells in those brain areas was greater for subjects exposed to anoxia than for subjects
exposed to the control treatment.

The FJB-positive cells in P2 subjects exposed to anoxia appear as green fluorescence
distributed in the strata of the CA2-3 hippocampal subfield (Fig. 2B). Using the Nissl
staining as a histological reference (Fig. 2A), the FJB labeling can be observed to stand
out in the stratum oriens and stratum pyramidale, with slightly fewer cells in the stratum
radiatum. Relative to the estimated number of FJB-positive cells at P2 following oxygen
deprivation, significant differences were observed in CA2-3 between subjects exposed
to anoxia (n = 4) and their respective controls (n = 4) (anoxia: 256.25 = 18.1; control:
118.25 £ 23.9, W = 0, p = 0.03); no differences were observed in the numbers of FJB-
positive cells in the DG (anoxia: 52.25 £ 4.7; control:42.25 + 13.2, W=4,p=0.31)or in
CA1 (anoxia: 74.5 + 10.8; control: 65 + 8.6), W = 6, p = 0.67 (Fig. 2E).
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Fig. 1. TUNEL-positive cells in the rat hippocampus 24 h after neonatal anoxia.
Photomicrographs of coronal sections of rat hippocampal CA1 subfield showing: (A)
Strata Oriens (Or), Pyramidale (Pyr) and Radiatum (Rad) with DAPI staining; (B) TUNEL-
positive cells (white arrows); (C) TUNEL (red) + DAPI (blue) counterstaining, showing the
distribution of TUNEL-positive cells (D) Magnified photomicrograph of TUNEL-positive
cells counterstained with DAPI. Scale bars = (A) 100 um; (D) 50 Im. (E) Quantification of
TUNEL-positive cells (control, n = 4; anoxia, n = 4) reveals increased TUNEL-positive cells
in CA1, W =0, p =0.03; and in DG, W = 0, p = 0.03, in anoxia subjects. The numbers of
TUNEL-positive cells in CA2-3 did not show significant differences between treatments,
W=8,p=0.89./ <0.05.
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Fig. 2. FJB-positive cells in the rat hippocampus 24 h after neonatal anoxia.
Photomicrographs of coronal sections of rat hippocampus depict: (A) Nissl staining
identifying Strata Oriens (Or), Pyramidale (Pyr), and Radiatum (Rad); (B) FJB-positive cells
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stained green (white arrows); rectangle in detail: magnification of the CA2-3 subfield; (C)
Quantification of FJB-positive cells (control, n = 4; anoxia, n = 4) showing increased FJB-
positive cells in CA2-3, W = 0, p = 0.013, in anoxia subjects; no differences in the number
of FJB-positive cells were observed in DG, W =4, p=0.673, orin CA1, W =6, p =0.428./
< 0.05. Scale bar =100 pm.

Cleaved caspase-3 IHC

Cells immunoreactive for cleaved caspase-3 are shown in representative
photomicrographs of the hippocampal subfields CA1, CA2-3 and DG of a P2 subject
exposed to neonatal anoxia (Fig. 3A-C, respectively). Concerning the density of cleaved
caspase-3 immunoreactive cells assessed by stereological analysis, results revealed a lack
of significant Treatment effect for all hippocampal subfields evaluated, independently of
the age at which the subjects were perfused (p > 0.05) (Fig. 3D). Differences between
studied ages were observed in both groups. In the CA1 subfield cleaved caspase-3
density decreased from P2 to P14 and from P14 to P21. In the CA2-3 and DG subfields,
there was a decrease in cleaved caspase-3 density from P2 to P14 and from P14 to P60,

showing no alterations between P14 and P21.
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Fig. 3. Cleaved caspase-3 immunoreactivity in the rat hippocampus 24 h following
neonatal anoxia. Photomicrographs of coronal sections showing the rat hippocampus
(A) and hippocampal subfields CA1 (B), CA2-3 (C) and the DG (D) subjected to cleaved
caspase-3 immunohistochemistry and thionin counterstaining 24 h after neonatal
anoxia. There were no differences between the control and anoxia groups at any of the
studied time points (E; control, n = 5 per time point; anoxia, n = 5 per time point, p >
0.05). Scale bar = (A) 100 pum; (B) 200 pm.

TEM
The ultrastructural analysis conducted on P2 animals revealed preserved neuronal cells

and some neurons with discrete condensation of chromatin in the CA1 (Fig. 4A), and
similar conditions were observed in other subfields, possibly indicating early apoptosis,
both in subjects exposed to anoxia and in control subjects (Fig. 4A). Unlike the control
condition, in subjects exposed to anoxia, CA1 neurons displayed intense chromatin
condensation and an apparent loss of nuclear membrane integrity, exhibiting

autophagic vacuoles and partial absence of cytoplasmic organelles (Fig. 4B, C). Intense
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Neonatal anoxia and cell death

vacuolization was frequently present, along with cytoplasmic and nuclear membrane
shrinkage, as well as whole-chromatin condensation and random digestion of
chromatin. Furthermore, despite close proximity to anoxia-affected cells, several
neighboring cells did not express early cell death patterns; in these cases, the cellular
organelles, including granular endoplasmic reticula and mitochondria, were observed to
be intact (Fig. 5).

Early chromatin condensation, characterized by condensed bodies distributed in the
periphery of the nucleus, and preserved cell membrane and mitochondria were
observed in the CA1 and DG subfields in P2 anoxia subjects (Fig. 6). The asterisks in Fig.
6A show vacuoles characteristic of complete degeneration of neural elements and which
may be correlated to autophagy, initiated by autophagosomes. Autophagic
vacuolespresenting varied morphologies, based on the size and type of organelles to be
engulfed, were abundant as key elements of cell death in the hippocampus 24 h after
neonatal anoxia. As expected, anoxia induced degeneration of both amyelinic fibers and
mitochondria in the anoxia group. Amyelinic fibers presented intense vacuolization and
dilated microtubules, and degenerating mitochondria were observed within the
axoplasm as swollen organelles presenting dark granules (Fig. 7). Because no cell death

was found at P14, P21 or P60, TEM analysis was not performed for subjects at these ages.

Fig. 4. Ultrastructural overview of the CA1 subfield 24 h after neonatal anoxia. (A) shows
that the canonical morphology of CA1 neurons is still preserved (n), and anoxia-related
cell death could be predicted based on the slight condensation of chromatin observed
at the edges of the nuclei (black arrows). (B) and (C) show CA1 neurons undergoing
intense chromatin condensation (black arrow-heads) with loss of nuclear membrane
integrity (white arrows), exhibiting autophagic vacuoles (white arrow-heads) and partial
remotion of cytoplasmic organelles. Scale bar =1 um.
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Chapter 3

Fig. 5. Ultrastructural details of patterns of cell death in the rat hippocampus 24 h after
neonatal anoxia. (A) and (B) show intense vacuolization (v), cytoplasmic and nuclear
membrane shrinkage, whole chromatin condensation (white arrows) and random
digestion of chromatin (black arrows). Integrity of cellular organelles, including granular
endoplasmic reticula and mitochondria, are clearly shown (arrow-heads in A and B).
Legend: v, vacuole; bv, blood vessel. Scale bar = 1 um.

Fig. 6. Ultrastructural findings regarding chromatin condensation in neurons from
different hippocampal subfields at 24 h after neonatal anoxia. Neurons from CA1 and DG

100



Neonatal anoxia and cell death

subfields are shown in (A) and (B), respectively. (A) and (B) show strong electron
density/condensation at the edge of each nucleus. However, in (A), small and large
pieces of condensed bodies are distributed in the periphery of the nucleus. Note that
these condensed bodies and a rounded body, classically described as early chromatin
condensation, are relatively far apart (arrow in detail); the cell membrane and
mitochondria are preserved. In (B), invagination and a rupture of the nuclear membrane
(arrow in detail) are near the chromatin condensation. The asterisks in (A) show vacuoles
characteristic of complete degeneration of neural elements and which may be
correlated to autophagy initiated by autophagosomes (arrow-heads in A). Legend: c,
condensed chromatin; m, mitochondria. Scale bar =1 um.

Fig. 7. Autophagic vacuoles as key elements of hippocampal cell death 24 h after
neonatal anoxia. In (A), organelles such as mitochondria are sequestered and clustered
by autophagic vacuoles (black arrow-heads) through a process that leads to
degeneration and complete vacuolization(v). These autophagic vacuoles have varied
morphologies based on the size and sort of organelles to be engulfed (white arrows). In
(B), early autophagic vacuoles — autophagosomes (white arrows) — are present in a
hippocampal neuron likely undergoing the initiation of degeneration, corroborated by
the slight condensation of chromatin visible at the edge of the nucleus. Legend: af,
amyelinic fiber; v, vacuole. Scale bar =1 pm.

Behavioral data in the Morris water maze task

The subjects were exposed to 6 days of testing in the reference-memory version of the
water maze task (with four trials per day and an ITI of 10 min) starting at P60, followed by
a Probe Test. This allowed the evaluation of spatial memory acquisition and retention.

Reference memory. Subjects exposed to anoxia exhibited significantly longer latencies

(Fig. 8A) and path lengths (Fig. 8B) compared to the corresponding controls. Repeated-
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measures ANOVA revealed significant main Treatment(F(,197 = 37.92-38.42, p < 0.05)
and Session (Fu,107 = 12.13-15.54, p < 0.05) effects for both latency and path length, and
a significant main Trial effect for path length (Fg,197 = 4.74, p < 0.05).

ANOVA also revealed a significant Session *Trial interaction effect for path length
(Faz197 = 2.29, p < 0.05) and significant Treatment *Session*Trial interaction effects for
latency and path length (F(i2197 = 1.84-5.18, p < 0.05). In contrast, there were no
significant differences between the swimming speeds of subjects exposed to anoxia and

controls, thus indicating that the above reported differences are not related to motor

disruption.
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Fig. 8. Effect of anoxia on the acquisition of a spatial navigation reference memory task
in the water maze task over 6 training sessions (4 trials per session), as revealed by
latency (A) and path length (B). 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 day or trial as the within-subject factor. Post-hoc analyses with the
Tukey-Kramer test are indicated as follows: +Trial significant difference within control
group; #Trial significant difference within anoxia group /Group significant difference. The
significance level adopted was p < 0.05.
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Probe test

During the probe test, for which the platform was removed, the Control subjects
performed as expected, searching for the platform at its former location, indicating
memory of that spatial information (Fig. 9). Although subjects exposed to anoxia also
searched for the platform at its former location, their scores were poorer than those of
the Control subjects, indicating that anoxia had disrupted their spatial memory. Further,
anoxia subjects exhibited a marked disruption of performance, as reflected by significant
reductions of the percentage of time spent within the critical quadrant (Fig. 9A, C) and
critical counter (Fig. 9B and D, p < 0.05) r (Fu30) = 6.25-6.75 p < 0.05). Control subjects
spent more time within the critical counter, indicating that the animals remembered
that spatial information, whereas anoxia subjects demonstrated memory and prominent

learning deficits.
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Fig. 9. Effect of anoxia on the platform removal 3-min probe test, represented as the
percentage of time within the training counter (A and C) and the frequency of entering
the counter (B and D), in each of three 1-min consecutive time bins. Probe-test scores
were analyzed using Treatments as the between-subject factor and time bin as the
within-subject factor. An independent ANOVA was run for each score. Post-hoc analyses
using the Tukey-Kramer test are indicated as follows: /Group significant difference. The
significance level adopted was p < 0.05.
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Discussion

Neonatal anoxia, a serious public health concern, is a major cause of brain injury in
premature babies (Barrett et al., 2007) and may lead to long-lasting sensorimotor,
cognitive and behavioral sequelae. Strategies for minimizing deleterious brain effects of
neonatal anoxia are to be welcomed. Animal models have been used to investigate
brain mechanisms triggered in response to anoxic insults in developing brains. For
instance, Takada et al. (2011) adapted and validated a non-invasive model of global
neonatal anoxia in rats, focusing on the primary event of asphyxia or anoxia at birth, a
common occurrence in pre-mature humans. This animal model of anoxia was employed

in the present study to investigate brain changes following the anoxic insult.

Results of the present study revealed that neonatal anoxia causes neurodegeneration, as
demonstrated by both positive FJB and TUNEL staining in hippocampal subfields and
TEM findings at P2. Results revealed increases in TUNEL-positive cells in CA1 and DG and
FJB-positive cells in CA2-3 in anoxia-treated subjects.

TEM analysis showed subcellular evidence of necrosis and apoptosis, as well as mixed
features of both types of cell death in subjects submitted to anoxia. Curiously, the
density of cleaved caspase-3 revealed no differences between treatments in any
hippocampal subfield evaluated, independently of the age at which the subjects were
perfused, although significant differences between ages were observed. Furthermore,
this oxygen deprivation model was observed to impair spatial memory, suggesting
some correlation between histological findings and behavioral results. The substantial
increases in TUNEL-positive cells in the CAT and DG and in FJB-positive cells in CA2-3 at
P2 supports the well-known vulnerability of the hippocampus to oxygen deprivation
(Kirino, 2000; Pimentel et al., 2011; Zhao et al., 2013), particularly in the CA1 subfield
(Daval and Vert, 2004; Zhao et al., 2013), as shown by TUNEL analysis.

Interestingly, the CA2-3 subfields, described as being more resistant to ischemic events
such as myocardial infarctions in humans (Petito et al., 1987) or brain ischemia models in
other rodent species (Kirino, 1982), presented more FJB-positive cells in rats submitted
to anoxia treatment. Similarly, there has been a report of a pronounced delay in
neuronal death in the CA2-3 sub-fields of P13 rats, 24 h after unilateral hypoxia—
ischemia (Towfighi and Mauger, 1998).
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Intense labeling for cleaved caspase-3 was observed following both anoxia and control
treatments, in all investigated subfields, with stronger staining at younger ages.
Stereological analysis revealed no significant differences in the expression of cleaved
caspase-3 independent of the age at which the subjects were perfused, leading to the
conclusion that this staining reflects the usual apoptosis occurring during brain
development. In a study of the distribution of caspase-3 in the hippocampal subfields
during postnatal development (Liu et al., 2008), the expression of cleaved caspase-3 was
observed to peak at P7 in the CA1 and at P2 in the CA3 and to subsequently decrease
with age. Our results showed a peak of cleaved caspase-3 in DG at P2 in both treatments,
with slightly but non-significantly stronger staining in anoxia subjects, as well as an
increase in TUNEL labeling. Because the rodent DG is not completely developed at birth,
one may hypothesize that neuronal death in this area reflects neurogenesis-related cell
death (Liu et al., 2008).

Notably, the involvement and participation of different caspases, including caspase-3, in
processes other than cell death are under investigation (Lamkanfi et al., 2007; Snigdha et
al.,, 2012). In the early phases of central nervous system development, cleaved caspase-3
contributes to apoptosis and connectivity; in the adult brain, it participates in the
modulation of synaptic function and some forms of memory (Snigdha et al., 2012).

Based on this evidence, we can conclude that the present model of neonatal anoxia
causes diverse results with respect to caspase-3, FJB and TUNEL. This is likely because
different types of cell death are revealed by these techniques and because the subfields
develop at different rates (Jabes et al., 2011). In addition, the type of neuronal death
present after neonatal anoxia may be caspase-3-independent (Uchiyama et al., 2008)
with an unanticipated type of cell death occurring in the resistant CA2-3 that could only
be detected by FJB staining. In P2 anoxia subjects, the CA2-3 subfield and the CA1 and
DG showed subcellular evidence of apoptosis, necrosis and mixed degeneration.
Necrosis is a major phenotype of neuronal cell death following hypoxia—ischemia injury
in P7 rats (Carloni et al., 2007). The TEM results consistently indicated the presence of
necrotic cells, characterized by loss of membrane integrity and organelle release, but
only in the subjects submitted to anoxia. This leads to the conclusion that the present
animal model of neonatal anoxia was effective in promoting cell death by necrosis, as

previously reported for hypoxia—ischemia. This is an interesting result because it
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indicates that asphyxia alone, not associated with ischemia, promotes cell death by
necrosis.

Although morphological, histochemical and molecular results have confirmed that
hypoxia—ischemia-induced cell death is mainly related to apoptosis and necrosis
(Banasiak and Haddad, 1998; Nakajima et al., 2000), much evidence suggests that a
continuum of other types of cell death, exhibiting characteristics of both apoptosis and
necrosis, is often found in models of neonatal hypoxia—ischemia (Portera-Cailliau et al.,
1997; Carloni et al., 2007; Northington et al., 2007). The presence of this mixed effect may
indicate excitotoxic cell death (Portera-Cailliau et al., 1997). Analysis by TEM revealed
cells with these latter morphological characteristics in the hippocampus of animals
exposed to anoxia at P1, including somato-dendritic swelling, mitochondrial injury and
chromatin condensation in irregular bodies (Orrenius et al.,, 2003; Northington et al.,
2011). These findings corroborate those of Sheldon and colleagues (Sheldon et al., 2001),
in which TEM analysis revealed that the punctate appearance of the nuclei
corresponded to clumped chromatin 24 h following unilateral hypoxia- ischemia in P7
rats. They concluded that, although dying cells had an appearance consistent with
apoptosis in light microscopy, cells were neither necrotic nor apoptotic at the
ultrastructural level.

As expected, TEM showed typical characteristics of early apoptosis, such as chromatin
condensation, in both the anoxia and control subjects, as well as features of autophagy,
such as intense vacuolization and autophagosomes, the latter being more abundant in
anoxia subjects. Different sizes of vacuoles were observed, depending on the engulfed
material as well as different phases of activation and the progression of autophagy,
leading to complete degeneration demonstrated by the presence of large and empty
vacuoles (Eskelinen et al., 2011).

Several of the subcellular morphological features observed by TEM under similar
conditions could not be found in the literature because the majority of models are based
on H-l in 7-day-old rats. Models that better approximate the present one are the
perinatal anoxia model (Stigger et al.,, 2013) and the perinatal asphyxia model, in which
subcellular evidence of cell death was observed in striatum post-synaptic densities 30
days after asphyxia (Grimaldi et al., 2012). Although differences in the maturation and
cellular morphological characteristics of neonatal rats of different ages may cause

divergent findings, we draw attention to the findings provided by this model of neonatal
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anoxia, initially considered unable to induce histological changes (Nakajima et al., 1999).
In particular, we focused TEM analysis on the extensive and complex acute death of
hippocampal cells as characterized by different and specific morphological features at
the ultrastructural level.

Previous studies have shown that neonatal anoxia leads to spatial learning and memory
deficits (Buwalda et al., 1995; Dell’Anna et al., 1997; Cannon et al., 2002; Caputa et al.,
2005; Rogalska et al., 2006). Data from the present study confirm this through the poorer
performance in latency and path length in subjects exposed to anoxia, indicating that
these animals exhibited acquisition deficits. The information of platform location is
disrupted in anoxia subjects as demonstrated by the probe test, which also confirms

deficits in memory retention.

Galeano et al. (2011) observed impairments in spatial reference and working memory in
rats submitted to perinatal asphyxia but no differences in anxiety-related behaviors at 3
months of age. Interestingly, in another study using the same perinatal asphyxia model,
rats with long-duration exposure to hypoxia (15 and 20 min of asphyxia) showed
reduced anxiety-related behavior and no abnormalities in the elevated plus maze
condition (Hoeger et al., 2000).

An intriguing result of the present study was that the anoxia-treated animals did not
demonstrate the typical pattern of decreasing latency scores, suggesting that the anoxia
subjects do not retain spatial information during the time required to perform a task.
This suggests a possible impairment in working memory tasks. Retention time can be a
factor influencing the deficit in spatial memory. Further investigations are necessary to
evaluate possible spatial working memory deficits considering different inter-trial
intervals.

In summary, we conclude that this novel model of neonatal anoxia leads to different
types and stages of neuronal degeneration in hippocampal formation, as observed
through both cellular and subcellular analyses. Furthermore, our data reveal that the
model of neonatal anoxia used in this research caused long-lasting cognitive
impairments in spatial reference memory.

Based on these results, we suggest that this non-invasive model with global effects can

be used as a tool to explore the underlying mechanisms of hippocampal neuronal cell
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death in premature human infants suffering from oxygen deprivation at birth and to

propose various strategies to overcome, prevent or ameliorate its long-term effects.
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