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The developing brain may be particularly vulnerable to injury before, at and after birth. Among possible
insults, hypoxia suffered as a consequence of perinatal asphyxia (PA) exhibits the highest incidence levels
and the cerebellar circuitry appears to be particularly susceptible, as the cellular makeup and the quantity
of inputs change quickly during days and weeks following birth.

In this work, we have used a murine model to induce severe global PA in rats at the time of birth.
Short-term cerebellar alterations within this PA model have been previously reported but whether such
alterations remain in adulthood has not been conclusively determined yet. For this reason, and given the
crucial cerebellar role in determining connectivity patterns in the brain, the aim of our work is to unveil
long-term cerebellum histomorphology following a PA insult.

Morphological and cytological neuronal changes and glial reaction in the cerebellar cortex were ana-
lyzed at postnatal 120 (P120) following injury performed at birth. As compared to control, PA animals
exhibited: (1) an increase in molecular and granular thickness, both presenting lower cellular density;
(2) a disarrayed Purkinje cell layer presenting a higher number of anomalous calbindin-stained cells. (3)
focal swelling and marked fragmentation of microtubule—associated protein 2 (MAP-2) in Purkinje cell
dendrites and, (4) an increase in glial fibrillary acidic protein (GFAP) expression in Bergmann cells and
the granular layer.

In conclusion, we demonstrate that PA produces long-term damage in cellular histomorphology in
rat cerebellar cortex which could be involved in the pathogenesis of cognitive deficits observed in both
animals and humans.
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1. Introduction Brain injury induced by PA is one of the most frequent causes of

morbidity and mortality in term and preterm neonates, accounting

The developing brain may be particularly vulnerable to maternal
stress and to other environmental insults before, at and after birth
(Kinney et al., 2008; McEwen, 2007). Among these insults, hypoxia
suffered as a consequence of perinatal asphyxia (PA) appears to be
one of the most important stressful factors.

Abbreviations: PA, perinatal asphyxia; PCs, Purkinje cells.
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for 23% of neonatal deaths globally (Lawn et al., 2005). Following
PA, approximately 45% of newborns die and 25% have permanent
neurological deficits including motor and cognitive alterations of
variable severity, such as seizures, spasticity, eyesight and hear-
ing impairment, attention deficit, hyperactivity, mental retardation
and other neuropsychiatric syndromes with delayed clinical onset
(de Haan et al., 2006; du Plessis and Volpe, 2002; Kaufman et al.,
2003; Odd et al., 2009; Titomanlio et al., 2011; Van Erp et al.,
2002; Vannucci and Hagberg, 2004). PA thus interferes with neona-
tal development, generating long-term mental and neurological
deficits whose underlying mechanisms have not been fully eluci-
dated yet.

Histologically, brain injury occurring early during develop-
ment results in significant damage in different areas of the
central nervous systems (CNS). In particular, hypoxia/ischemia
as consequence of PA causes damage in cerebellum, hippocam-
pus, neostriatum and substantia nigra (Capani et al., 2009). The
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mechanisms for brain injury after hypoxia/ischemia care thought
to include energy failure, free radical damage, cytokine release
and excitotoxicity, and caspase-dependant cell death (Barks and
Silverstein, 1992; Cheng et al., 1998; Hagan et al., 1996; Liu et al.,
1996; O’Lone et al., 2007).

The type and distribution of human brain lesions differ markedly
between premature and term babies, likely as a consequence
of differences in brain maturation and regional vulnerability, as
described in different previous studies (Miller and Ferriero, 2009;
Vergeretal.,2001a,b; Yager and Thornhill, 1997). The immaturity of
a particular brain region is highly relevant, as the insult affects the
initial plastic changes required for establishing neurocircuitries and
synaptogenesis (Andersonetal.,2011).In this sense, the cerebellum
is particularly vulnerable because, in humans, it reaches its mature
volume within months of birth (Rice and Barone, 2000) and devel-
ops throughout pregnancy with rapid growth in the third trimester
and in the first postnatal year (Limperopoulos et al., 2007; ten
Donkelaar et al., 2003; Zervas et al., 2005). During days and weeks
following birth, the cerebellar circuitry is susceptible to injury (ten
Donkelaar et al., 2003), as the cellular makeup and the quantity of
inputs change quickly (Wang and Zoghbi, 2001). Moreover, it has
been demonstrated that brain injury derived from premature birth
is associated with cerebellar growth impairment (Limperopoulos
et al.,, 2005).

Traditionally, the role of the cerebellum has been associated to
the coordination of voluntary movement, gait, posture, speech and
motor functions (Ghez and Fahn, 1985) and has not been considered
relevant to the field of psychiatry or the study of brain-behavior
relationships. However, growing evidence shows that the cerebel-
lum may play a role in cognition, behavior and psychiatric illness
(Glickstein, 2006).

In recent years, we have used a murine model to induce severe
global PA in rats at the time of birth, as this model offers three key
advantages: first, it mimics relevant aspects of human delivery in
an adequate way; second, as it is a non-invasive procedure, it allows
for the study of both short and long-term effects; third, it is easily
reproducible across laboratories (Capani et al., 2001). Short-term
cerebellar alterations within this model of PA have been previously
reported (Biran et al., 2011, 2012) but whether such alterations
remain in adulthood has not been conclusively determined yet. For
this reason, and given the crucial cerebellar role in determining
connectivity patterns in the brain, the aim of this paper is to unveil
long-term cerebellum morphologycal alterations following a peri-
natal asphyctic-ischemic insult. To this end, modificacions in the
structural organization of the cerebellar cortex were analyzed in
young adulthood rats (P120) following injury performed at birth
(PO).

2. Material and methods
2.1. Animals

All procedures involving animals were approved by the Insti-
tutional Committee of Animal Care and Use at the University of
Buenos Aires (CICUAL, School of Medicine) and conducted accord-
ing to the principles of the Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23, revised 1996).

Female Sprague-Dawley rats in the fifteenth day of preg-
nancy were placed in individual cages and maintained on a
12:12 hlight/dark cycle in a temperature- (21 + 2 °C) and humidity-
controlled (65+5%) environment. Animals had access to food
(Purina chow) and tap water ad libitum and were divided in 3
groups: (1) surrogate mothers (n=3), (2) mothers of control pups
(n=3) and (3) mothers assigned to PA (n=4).

2.2. Induction of asphyxia

The induction of asphyxia was carried out as previously
described (Saraceno et al., 2010). At the time of delivery, a first
spontaneous birth was allowed, dams were rendered unconscious
by CO, inhalation and rapidly killed by decapitation and subjected
to a caesarean section and hysterectomy (Dorfman et al., 2006). The
uterus horns containing the fetuses were immediately immersed in
awater bath at 37 °C for 19 min (sub-severe PA) (Bjelke et al., 1991;
Capani et al., 2009; Van de Berg et al., 2003). Following asphyxia,
the uterus horns were rapidly opened and the male pups removed,
cleaned and then resuscitated by intermittent tactile breathing
stimulation for a few minutes until regular pulmonary breathing
was established. The umbilical cord was then ligated and animals
were left to recover for 1h under a heating lamp. They were then
given to surrogate mothers and mixed in with male control pups
(10 pups total per surrogate mother) until the end of the study.

Asphyxia was administered for 19 min, as 21 or more minutes
in this condition results in survival rates under 3% (Capani et al.,
2009).

Animals born by natural delivery were used as controls to avoid
alterations produced by the short time of exposure to CO, which
may be similar to the injury produced by asphyxia.

2.3. Histological examinations

Four-month-old rats were anaesthetized (Nembutal 50 mg/kg
body weight, i.p.) and perfused transcardially with 30-50ml of
0.1M phosphate buffered saline (pH 7.4) (PBS) containing 4%
paraformaldehyde. Cerebella were removed and post-fixed in the
same fixative solution for 2h at room temperature, and then
immersed in 0.1 M phosphate buffer (pH 7.4) containing 20%
sucrose at 4°C overnight. Cerebella were then paraffin-embedded,
cut in 4-pm-thick sagittal sections, dewaxed by xylene and
hydrated by successive immersion in ethanol 100%, 96%, 70% and
water.

2.4. Immunohistochemistry

After antigen retrieval with 0.01 M citrate buffer pH 6, endoge-
nous peroxidase activity was blocked by incubation in 3% hydrogen
peroxide in 60% methanol. Non-specific binding sites were
blocked with 5% bovine serum albumin. Sections were incubated
overnight at 4 °C with a rabbit polyclonal anti-Glial fibrillary acidic
protein antibody (anti-GFAP, 1:500; Sigma Louis, MO, USA), anti-
microtubule-associated protein 2 (MAP-2 1:250; Sigma St. Louis,
MO, USA), anti-neuron-specific nuclear protein (anti-NeuN, 1:100;
Millipore, Chemicon, CA, USA) or anti- calcium-binding protein
calbindin-D28k (anti-calbindin D28K, 1: 250; Santa Cruz Biotech-
nology, Inc.). After several washes, sections were incubated with
secondary antibodies (biotinylated anti-rabbit IgG or biotinylated
anti-mouse IgG, Vector Laboratories Inc., Burlingame, CA, USA) for
2 h at room temperature.

To reveal the sites of antigen/antibody binding, an avidin-
horseradish peroxidase complex (Vector Laboratories, Burlingame,
CA, USA) and the chromogen 3,3’-diaminobenzidine tetrahy-
drochloride (DAB; Sigma, St. Louis, MO, USA) were used.

For control staining, some sections were incubated with PBS
instead of the primary antibody and no immunoreactivity was
detected. Sections were dehydrated in ethanol, cleared in xylene
and mounted in Canada balsam, and then photographed using
Nikon Eclipse 80i microscope and Visiopharm Integrator System
software.
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Fig. 1. Molecular layer. Panels A, B, D and E show representative microphotographs of toluidine blue-stained molecular layer from control and PA animals. Panels A and B
show differences in molecular thickness (bars indicate how measurements were done) and quantification is shown in panel C. Panels D and E show differences in cell number
(quantification per area shown in panel F). Data are expressed as the mean =+ SD of a single experiment (Control: n=12, PA: n=12). *p<0.05, ***p <0.001, compared to control.

2.5. Planimetric studies

In all cases, the material examined was processed at the same
time with same solutions, to avoid differences by deformation of
biological tissues.

The sagittal sections analyzed were between 1.13 and 1.40 mm
of distance from the midline according to the Atlas by Paxinos and
Watson.

We determined cell number per area using the “Cell Counter”
Image ] plug-in tool. Molecular layer cells were quantified from
25x magnification micrographs in a grid considering 4 squares
of 10,000 pm? each (total surface 40,000 wm? =0.04 mm) in each
picture in such a manner that the whole area was represented.

Granular layer cells were quantified from 100x magnification
photographs in a grid considering 4 squares of 250 wm?2 (total sur-
face of 2000 pm?2 =0.002 mm) in each picture.

In all cases the relative position of the counting grid was
randomized to provide an unbiased sample. Subsequently, we cal-
culated the number of cells per mm?.

To assess the linear density of Purkinje cells, we quantified cells
in a length determined by means of the “Straight” tool in Image ]
software.

All material was examined by a team member who was blind to
clinical and pathological data.

2.6. Preparation of tissue extracts for western blot

Frozen cerebella were homogenized (200 mg/ml) in an RIPA
buffer (50 mM Tris-HCl (pH 7.4), 1mM EDTA, 1% Triton x-100,
1% sodium deoxycholate, 0.1% SDS) containing protease inhibitors
(1 mM PMSF, 5 wg/ml aprotinin, 5 wg/ml leupeptin). Cerebella were
then sonicated at 4 °C, three times for 15 s. each in RIPA buffer in the
absence of detergents. Detergents were later added and cerebella
were incubated for 2 min at4 °C and then centrifuged at 12,000 rpm
at 4°C for 15 min. (Sorvall RMC14 centrifuge). Supernatants were
collected and the protein content of each sample was determined

by the Bradford micro-method using bovine serum albumin as stan-
dard (Bio-Rad, Hercules, CA, USA).

2.7. Western blot analysis

Proteins were separated by SDS-PAGE and transferred to
poly(vinylidene difluoride) (PVDF) membranes (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA).

GFAP protein, calbindin-D28k and actin were detected using
anti-GFAP antibodies (Sigma St. Louis, MO, USA), anti-calbindin
D28k (Santa Cruz Biotechnology, Inc.) and anti-f3-actin (clone AC-
15 from Sigma St. Louis, MO, USA), respectively, and enhanced
chemiluminescence reagents (GE Healthcare, Chalfont St Giles, UK).
For quantitative analysis, band intensities were analyzed using
ImageQuant 5.2 software.

2.8. Statistical analysis

Material from 12 rats for each experimental group was analyzed.
All statistical analyses were performed by two-way analysis of vari-
ance (ANOVA). When interaction effects were significant, analyses
ofthe simple effects were carried out by post hoc comparisons using
t-test. Results were expressed as the mean + SD. Differences with a
probability of 5% or less were considered to be significant (p < 0.05).
All statistical analyses were done using the PASW Statistics 18 soft-
ware (SPSS Inc., Chicago, IL, USA).

3. Results

With the aim of evaluating neuronal histological and cytological
changes and glial reaction in the cerebellar cortex, we analyzed
cerebella from four-month-old rats submitted to PA. We evaluated
the different structures of the cerebellar cortex of 12 animals of
each group, control and PA.
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Fig. 2. Granular layer. Panels A, B, D, E, G and H show representative microphotographs of toluidine blue-stained granular layer from control and PA animals. Panels A and
B, show differences in granular layer thickness in circumvolutions (quantification shown in panel C). Panels D and E show differences in granular layer thickness in furrows
(quantification shown in panel F). In all cases bars indicate how measurements were done. Panels G and H show differences in cell number (quantification per area shown
in panel I). Arrow indicates a cell with a smaller nucleus. Data are expressed as the mean + SD of a single experiment (Control: n=12, PA: n=12). *p<0.01, **p<0.001,

compared to control.

3.1. Molecular layer thickness

Molecular layer thickness was measured in photographs of tolu-
idine blue-stained slices. To this end, at least 5 measurements were
done in each photograph (10 photographs per cerebellum), see
representative images in Fig. 1A and B. As shown in Fig. 1C, a sig-
nificant increase in layer thickness was determined in PA animals
as compared to controls (p < 0.05).

Interneurons (basket and stellate cells) and glia in the molec-
ular layer (see representative images in Fig. 1D and E) were then
quantified as toluidine blue-positive nuclei present in an area of
0.1 mm? (Fig. 1F). Results revealed an 18.7% reduction in cell den-
sity in PA animals as compared to controls (p <0.001). However, no
significant differences were obtained between controls and PA ani-
mals when the number of cells in each group was multiplied by the
corresponding molecular layer thickness, indicating no reduction
in the total number of cells in the cerebellar molecular layer from
PA rats (data not shown).

3.2. Internal granular layer

Internal granular layer thickness was also measured in
photographs of toluidine blue-stained slices. In this case, and con-
sidering the heterogeneity observed in this layer, we discriminated

between measurements registered in cerebellar circumvolutions
and those registered in furrows (see representative micropho-
tographs of circumvolutions in Fig. 2A and B, and of furrows in
Fig. 2D and E). In both, circumvolutions, the granular layer (Fig. 2C)
was significantly thicker (p <0.05) in the PA group as compared to
controls. A similar result (p<0.01) was obtained when measure-
ments were done in furrows (Fig. 2F).

The number of toluidine blue-stained cells, i.e. granular, Golgi
and glia cells, were also evaluated in the granular layer (Fig. 2G and
H) in an area of 0.2 mm?2. PA animals showed a 27.5% reduction in
cell density as compared to controls (p <0.001) (Fig. 2I). Neverthe-
less, when the number of cells in each group was multiplied by
the mean granular layer thickness, no significant differences were
obtained between control and PA animals, which suggest no reduc-
tion in the total number of granular layer cells in PA rats (data not
shown).

From the morphological point of view, neurons in the
granular layer of control cerebella showed round, dark,
homogenously stained nuclei which appeared to be tightly
packed, whereas cerebella from rats which had suffered a
19-min asphyctic insult revealed a significant (p<0.001)
increase in percentage of cells presenting dysmorphically
shaped nuclei (oval, polygonal) (control: 3.09+1.12 vs PA:
8.6 +£2.34).
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Fig. 3. Purkinje cells. Panels A-D show representative microphotographs of Calbindin-stained PCs from control (panels A and C) and PA (panels B and D) animals. Black
arrows indicate morphologically altered cells and white arrow indicates a cell with negative calbindin staining. The quantification of PCs is shown in panel E. The proportion
of abnormal PCs in each group is shown in panel F. Data are expressed as the mean + SD of a single experiment (Control: n=12, PA: n=12) **p<0.01, compared to control.

3.3. Purkinje cells

Purkinje cells (PCs) constitute the sole output neurons in the
cerebellar cortex and thus have a central functional role in inte-
gration. For this reason, we analyzed PC number, distribution
and morphology by means of immunostaining of calcium-binding
protein calbindin (using anti-calbindin-D28k), which is expressed
abundantly in Purkinje cells (Celio, 1990).

In terms of PC layer morphology, PA animals showed a dis-
arrayed distribution, in which some areas appeared as a double
layer and others presented PC gaps or clusters (Fig. 3A-D). PCs
were quantified in cerebella from control and PA animals by count-
ing calbindin-positive cells present in 1 mm of cell layer (linear
density). Also, we discriminated between cells exhibiting regular
somatic calbindin staining and those showing irregular calbindin
staining, such as weak or punctuate somatic localization, or even
lack of staining in the cell soma. No significant alterations in the
number of PCs were detected in cerebella from PA animals com-
pared to controls (Fig. 3E). However, a higher number of PCs
with alterations in calbindin distribution was detected in PA rats
(p<0.01, Fig. 3F). Of note, a higher number of cells with altered

morphology were obtained when slices were stained with toluidine
blue (data not shown).

We also analyzed calbindin-D28k expression by Western blot,
which revealed a significant decrease (p<0.05) in cerebella from
PA rats as compared to controls (Fig. 4A and B).

In order to study PC dendritic morpholology, immunodetection
of MAP-2 was conducted and the molecular layer was analyzed.
Animals subjected to PA showed focal swelling and marked frag-
mentation of MAP-2 as compared to control animals (Fig. 5A and B).
In addition, and in order to analyze dendritic ramification, the MAP-
2 reactive area was determined in each of the following equal-size
molecular layer sections: (1) external, closer to PC soma (Fig. 5C),
(2) middle (Fig. 5D), and (3) external (Fig. 5E). Statistical analyses
revealed a significantincrease in the reactive areain all subdivisions
of the molecular layer studied in PA animals. Moreover, the ratio
between the internal and external areas indicated no significant
differences regarding control group (Fig. 5F).

3.4. Astrocytes

It is well established that astrocytes proliferate and the
expression of GFAP increases under neurodegenerative conditions.
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Fig. 4. Cerebellar calbindin expression. Panel A shows representative Western blot
for cerebellar calbindin. Panel B shows the quantification of band intensity of three
independent experiments. Data are expressed as the mean + SD. *p < 0.05, compared
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Thereby, cerebellar GFAP expression was analyzed by Western blot
and revealed a significant increment (p <0.001) in cerebella from
PA rats as compared to controls (Fig. 6A and B).

Furthermore, the study of astrocyte morphology by GFAP
immunostaining (Fig. 6C and D) showed an increase in the GFAP-
positive area in Bergmann cells (p<0.001, Fig. 6E). Finally, the
evaluation of GFAP-positive astrocytes in the granular layer (Fig. 6F
and G) rendered an increase in the GFAP-positive area (p<0.001)
in PA animals as compared to controls (Fig. 6H).

4. Discussion

The present study demonstrates that a hypoxia/ischemia injury
shortly after birth produces long-term damage in the histomor-
phology of rat cerebellum.

To analyze these chronic cerebellar alterations, we used a birth-
time hypoxia model in rats, which is suitable for studying the
early and late phases of PA. This model mimics relevant aspects
of human delivery, as it implies a hypoxic/ischemic insult but
no additional lesions such as vessel occlusion (Seidl et al., 2000).
This oxygen supply interruption causes brain injury by producing
energy failure, free radical damage, cytokines, excitotoxicity and
caspase-dependent cell death, among others (Barks and Silverstein,
1992; Cheng et al., 1998; Hagan et al., 1996; Liu et al., 1996; O’Lone
et al., 2007).

At birth, the second wave of neuronal cerebellar prolifer-
ation plays a key role in the organization of the cerebellar
cortex, which makes this brain region particularly vulnerable to
insult (Volpe, 2009). Although adaptative mechanisms protect the
immature brain from hypoxic damage, severe insults can trigger
self-sustaining damaging cascades lasting for days or weeks and
resulting in prominent injury (Gonzalez and Ferriero, 2008). In
particular, a large body of evidence indicates that PCs are signif-
icantly vulnerable to ischemia (Cervos-Navarro et al., 1991; Welsh
etal.,2002), as the excessive activation of the N-methyl-D-aspartate
(NMDA) receptor leads to an increase in intracellular calcium and
free radicals, thus triggering hypoxia-induced neuronal damage.

Of note, our findings revealed chronic histological alterations
in neurons and glia in the cerebellar cortex of rats suffering PA.
These rats also exhibited a disorganized PC layer, alterations in the
cellular localization pattern of calbindin and anomalous toluidine
blue staining.

Defining PA-affected developmental pathways and establishing
molecular targets involved in the disorganization of the PC layer
cytoarchitecture have proven to be elusive goals. The formation
of the PC layer is a complex process requiring the interaction of
various neuronal populations and precise migratory patterns estab-
lished under glial guidance. PCs are generated during the early
embryonic period from the ventricular zone facing the fourth ven-
tricle (Miale and Sidman, 1961) and migrate toward the pial side
to subsequently form the PC monolayer during the early postna-
tal days (Rakic and Sidman, 1970). Therefore, the presence of PCs
in heterotopic sites can be a consequence of defective neuronal
migration in the developing cerebellum.

A similar interpretation was proposed by Laure-Kamionowska
and Maslifska in a large study on cerebellar morphological features
in perinatal life. In fact, these authors regarded the frequent finding
of irregularly dispersed PCs in the molecular and granular layers
as a loss in proper migration (Laure-Kamionowska and Maslinska,
2011).

Calbindin is one of the major calcium-binding and buffering pro-
teins and has a critical role in preventing neuronal death as well as
maintaining calcium homeostasis. In our work, PA rats showed a
higher number of PCs with irregular calbindin distribution. This
irregularity could be the consequence of an alteration in PC mor-
phology as a result of the perinatal insult, as indicated by changes
observed in toluidine blue staining experiments. However, some
PCs did show a reduction in calbindin expression. The reduction in
calbindin expression in animals suffering PA was also confirmed
by means of Western blot analysis. A similar result was obtained
by Katsetos et al. (2001) who studied this protein expression in
hypoxic guinea pig fetus at term. The hypoxia-induced reduction
in calbindin-D28k expression could limit neuronal Ca2* buffering
capacity, resulting in activation of Ca?* -mediated pathways.

Alterations in dendrites are also a common finding under neu-
rodegenerative conditions (Hori and Carpenter, 1994; Hsu and
Buzsaki, 1993; Ikonomidou et al., 1989; Matesic and Lin, 1994).
Animals subjected to PA showed focal swelling and marked frag-
mentation of MAP-2, as well as an increase in the percentage of
MAP-2 reactive area. In addition, no branch or length alterations
in PC dendrites were observed, as the ratio between the external
and internal reactive areas resembled control values. These den-
dritic alterations might in part explain the increase observed in
molecular layer thickness.

On the other hand, we observed an increment in internal gran-
ular layer thickness but a decrease in the number of granular
cells per area in PA rats. Nevertheless, no reduction in the total
number of granular layer cells in PA rats was found. This layer
presented an increase in the percentage of cells with dysmorphi-
cally shaped (oval, polygonal) nuclei with speckled chromatin, as
visualized by toluidine blue staining. These results are in line with
those obtained in the same murine model of PA by Kohlhauser et al.
who, despite finding no neuronal loss in the cerebellum, reported
a remarkably elevated number of nuclei with chromatin changes
(Kohlhauser et al., 1999). Taken together, our findings seem to indi-
cate incomplete migration of granular cells generated by hypoxia
and, consequently, a less compact internal granular layer.

Also, a close interaction should be noted between external gran-
ular neurons and PCs. In normal cortical development, signaling
from the external granular layer is crucial to put an end to PC migra-
tion and induce the monolayer arrangement. As the settling of PCs
in the cerebellar cortex is regulated by molecular signals issued
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by granular cells (Carletti et al., 2008), the alterations observed in
these cells could also explain PC layer disorganization.

In terms of astrocytic alterations, Western blot analyses in PA
animals revealed an increase in GFAP expression, an additional well
established feature of neurodegenerative damage in the CNS (Eng
and Ghirnikar, 1994; Pekny and Nilsson, 2005) and a larger reactive
area in both Bergmann cells and granular layer, which indicates the
presence of astrogliosis and a chronic neurodegeneration process.
Reactive gliosis was previously observed in other SNC area such as
hypoccampus of identical age rats (P120), using the same PA model
(Saraceno et al., 2010).

Cell-cell communication plays a role in specifying cell fate and
regulating proper development in the formation of the cerebel-
lar cortex. The wiring of neuronal circuits relies on precise spatial
positioning of neurons and axons (Ruiz de Almodovar et al., 2010),
and environmentally disturbed cell-cell interactions may result in
migration problems and lead to neuron misplacement. Although
cell-cell interactions are outside the scope of our work, our find-
ings hint at PA interference with cell-cell communication and a
consequent disruption in neuronal location.

Behavioural test were already made using this perinatal
asphyxia model by several researcher groups (Hoeger et al., 2006;

Loidl et al., 2000; Morales et al., 2010; Strackx et al., 2010; Van
de Berg et al., 2003), etc.) including our group (Galeano et al.,
2011). Galeanois work, in particular, investigated the motor, emo-
tional and cognitive functions of adult (three month old) asphyctic
rats. Animals were examined in a behavioral test battery includ-
ing elevated plus maze, open field, Morris water maze, and an
incentive downshift procedure. The authors observed a deficit in
exploration of new environments and spatial reference and work-
ing memory impairments in PA rats. Finally, when animals were
downshifted from a 32% to a 4% sucrose solution, an attenuated
suppression of consummatory behavior was observed in PA rats
(Galeano et al., 2011). Despite of these behavioural impairment,
neurological motor conditions were comparable to those of nor-
moxic animals, in agreement with results obtained by Hoeger et al.
(2006).

From a motor point of view, it should be noted that deficits, pos-
sibly linked to cerebellar lesions, are observed at very early stages
ranging from days to several weeks (Young et al., 1986) but seem
to be compensated 3 months after PA (Hoeger et al., 2006). These
findings are in line with observations made in humans by Allin et al.
who reported no correlation between the volume of the underde-
veloped cerebellum in preterm children and motor function later in
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Fig. 6. Cerebellar GFAP expression. Panel A shows representative Western blot for cerebellar GFAP. Panel B shows the quantification of band intensity of three independent
experiments (Control: n=6, PA: n=6) Panels C and D show representative microphotographs of GFAP-stained Bergman cells from control and PA animals, respectively. The
measurement of the GFAP-positive reactive area is shown in panel E. Panels F and G show representative microphotographs of GFAP-stained astrocytes in the granular
layer from control and PA animals, respectively. The measurement of the GFAP-positive reactive area is shown in panel H. Data are expressed as the mean + SD of a single

experiment (Control: n=12, PA: n=12) ***p<0.001, compared to control.

childhood, even if cognitive and social functions remained altered
(Allin et al., 2001).

Cerebellar participation in cognition and behavior is now
increasingly accepted. This should not be surprising from an
anatomical standpoint, as, apart from cerebellar projections to the
sensorimotor cortex, homologous connections project to cognitive
and affective regions and comprise a large fraction of cerebellar
connectivity (Strick et al., 2009). In addition to its role in the mature
brain, the cerebellum acts in early life to shape the function of other
brain regions, especially those relating to cognition and affection.
Neonatal damage to the cerebellum can have persistent structural
and functional consequences. In particular, damage due to prema-
ture birth or as a consequence of surgery produces social deficits
(Bolduc et al., 2012). For example, it has been established that an
early disruption of the cerebellar circuitry is positively correlated
with autism (Limperopoulos et al., 2007).

In conclusion, this work shows long-term effects of PA on cere-
bellar structure, which could be involved in the pathogenesis of
cognitive deficits observed in both animals and humans.
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