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The capacity of the ovarian hormone 17p3-estradiol to prevent neurodegeneration has been characterized in
several animal models of brain and spinal cord pathology. However, the potential reparative activity of the
hormone under chronic neurodegenerative conditions has received less attention. In this study we have
assessed the effect of estradiol therapy in adulthood on chronic glial and neuronal alterations caused by
perinatal asphyxia (PA) in rats. Four-month-old male Sprague-Dawley rats submitted to PA just after
delivery, and their control littermates, were injected for 3 consecutive days with 173 estradiol or vehicle.
Animals subjected to PA and treated with vehicle showed an increased astrogliosis, focal swelling and
fragmented appearance of MAP-2 immunoreactive dendrites, decreased MAP-2 immunoreactivity and
decreased phosphorylation of high and medium molecular weight neurofilaments in the hippocampus,
compared to control animals. Estradiol therapy reversed these alterations. These findings indicate that
estradiol is able to reduce, in adult animals, chronic reactive astrogliosis and neuronal alterations caused by
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MAP-2 an early developmental neurodegenerative event, suggesting that the hormone might induce reparative
GFAP actions in the Central Nervous System (CNS).

© 2010 Published by Elsevier Inc.
Introduction and Volpe, 1981; Amiel-Tison and Ellison, 1986; Vannucci and Perlman,

The neuroprotective effects of the ovarian hormone 17p-estradiol
have been widely described against a great variety of neuropatho-
logical conditions in animal neuroprotective models. These include
experimental models of stroke, Parkinson's disease, Alzheimer's
disease, multiple sclerosis and excitotoxicity, among others (Bourque
et al,, 2009; Garcia-Segura and Balthazart, 2009; Kipp and Beyer,
2009; Kruse et al., 2009; Lebesgue et al., 2009; Pike et al., 2009; Suzuki
et al., 2009). In most of these studies, estradiol has been shown to
prevent neuronal loss and gliosis when animals were treated with the
hormone either before or shortly after the initiation of brain damage.
There is little evidence that estradiol may repair brain tissue after a
chronic process of neurodegeneration, in particular when this process
has been initiated at early life stages.

Perinatal asphyxia is still an obstetric problem that might induce
several alterations in the full-term births. Of the affected newborns,
15-20% die in the postnatal period, and 25% will remain with permanent
neurobiological deficits like spasticity, epilepsy, mental retardation (Hill
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1997; Gunn, 2000; Shankaran, 2009) and visual alteration in adult life
(Osborne et al., 2004). Although the immature brain is relatively
protected from hypoxia by adaptive mechanisms, severe insults can
trigger self-sustaining damaging cascades lasting for days or weeks and
result in prominent injury (Ferriero, 2004). The neurons that are most
sensitive and vulnerable to PA are located in the CA1, CA3 and CA4
regions of the hippocampus, in the cerebellum, in layers III, V and VI of
the neocortex and in the neostriatum (Kirino, 1982; Petito and
Pulsinelli, 1984; Capani et al., 2009). Some of the processes associated
with asphyxia occur at synapses site, including nitric oxide release
(Capani et al., 1997, 2009; Loidl et al., 1997), elevation of glutamate in
the extracellular space (Busto et al., 1989; Choi and Rothman, 1990),
aberrant cell signaling (Kamme and Wieloch, 1996), phospholipidic
degradation and lipooxidation (Farooqui et al, 1994), and finally
excessive release of free radicals (Capani et al., 2001). In previous works,
we have shown long term biochemical, cellular and subcellular
alterations, including reactive astrogliosis, increase in the immunoreac-
tivity for high weigh neurofilaments (200 kDa NF) (Cebral et al., 2006),
and high level of ubi-proteins and free ubiquitin at the post synaptic
density (PSD) in neostriatum (Capani et al., 2009). Taken together, this
data suggests that PA could lead to neurodegenerative alterations
(Capani et al., 2009). These events are well correlated with behavioral
alterations (Loidl et al., 2000).
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We have extensively worked on experimental hypothermia as
therapeutic tool to reduce the damage produce by hypoxia (Capani et al.,
1997,2003, 2009). Experimental hypothermia has shown to block most
of the processes that trigger the mechanisms for the generation of the
cell death (Capani et al., 2009). Although hypothermia has been already
used in clinical trials, it has been shown to be effective only in very
restrictive neurological pathologies produced by PA (Gonzalez and
Ferriero, 2008; Shankaran, 2009).

According to our knowledge (Capani et al., 2009) there is not a
proper therapeutic tool to treat the neurological diseases produced by
PA. Therefore, in this study we test if estrogens are effective to reduce
the experimental chronic cytological alterations induced by PA in rats.
Our main aims were to determine: (i) whether alterations in the CA1
area of hippocampus were still detectable in four-month-old animals
submitted to perinatal asphyxia, and (ii) whether these alterations
could be reverted in adult rats by the treatment with 173-estradiol.

Materials and methods
Animals

All procedures involving animals were approved by the Institu-
tional Animal Care and Use Committee at the University of Buenos
Aires (School of Medicine) and conducted according to the principles
of the Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23, revised 1996). Sprague-Dawley female rats in
the fifteenth day of pregnancy were placed in individual cages and
maintained on a 12:12 h light/dark cycle in a controlled temperature
(2142 °C) and humidity (654-5%) environment. The animals had
access to food (Purina chow) and tap water ad libitum. One group of
animals (n=4) were used as surrogate mothers, another group
(n=5) were assigned to perinatal asphyxia procedures, and the
remaining animals (n=5) were the mothers of the control pups.

Induction of asphyxia

Five full-term pregnant rats on gestational day 22, were anesthe-
tized (Dorfman et al., 2006), rapidly decapitated and the uterus horns
were isolated through an abdominal incision and placed in a water
bath at 37 °C for 19 min (sub-severe perinatal asphyxia) (Bjelke et al.,
1991; Van de Berg et al., 2003; Capani et al., 2009). We used 19 min as
the maximum time of PA because 21 or more minutes in this
condition result in a survival rate lower than 3% (Capani et al., 2009).
Following asphyxia, the uterus horns were rapidly opened, the pups
were removed, the amniotic fluid was cleaned and the pups were
stimulated to breathe by performing tactile intermittent stimulation
with pieces of medical wipes for a few minutes until regular breathing
was established. The umbilical cord was ligated and the animals were
left to recover for 1 h under a heating lamp. When their physiological
conditions improved, they were given to surrogate mothers who had
delivered normally within the last 24 h. The different groups of pups
were marked and mixed with the surrogate mothers' normal litters
(control animals that were left undisturbed). We maintained litters of
10 pups with each surrogate mother.

1783 estradiol treatment

Sixteen adult male rats were injected i.p, 117 days after perinatal
asphyxia, with 17p estradiol (water soluble, E4389, Sigma, St. Louis, Mo;
250 png/kg) or vehicle (0.9% saline solution). Previous studies have
shown that doses of estradiol not very different from the one selected for
this study, reduce gliosis in male rats after a penetrating brain injury or
after immune challenge (Tapia-Gonzalez et al., 2008; Barreto et al.,
2009). The injections were repeated daily for 3 days consecutively (up to
119 days after perinatal asphyxia). Animals were distributed in 4
experimental groups: (i) control animals injected with vehicle, (ii)

control animals injected with 173 estradiol, (iii) animals submitted to
perinatal asphyxia and injected with vehicle and, (iv) animals submitted
to perinatal asphyxia and treated with 17(3 estradiol.

Tissue fixation and immunohistochemistry

At postnatal day 120, sixteen animals were anesthetized with
chloral hydrate (28% w/v; 0.1 ml/100 g body weight), and perfused
intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. Brains were removed and post-fixed in the same fixative
solution for 2 h at room temperature, and then immersed overnight at
4°Cin 0.1 M phosphate buffer, pH 7.4. Coronal hippocampal sections
(40 pm thickness) were obtained using a Vibratome (VT 1000 S, Leica
Microsystems, Wetzlar, Germany).

Immunohistochemistry was performed on free floating sections
under moderate shaking. Endogenous peroxidase was quenched (3%
H,0,, 30% methanol, 70% PBS 0.1 M) and non-specific labeling was
blocked using 5% normal goat serum. Sections were incubated
overnight at 4 °C with a mouse primary antibody that recognizes
120 kDa neurofilaments (120 NF, 1:500, Chemicon International,
Temecula, CA, USA) or a mouse primary antibody that recognizes
phosphorylated high and medium molecular weight neurofilament
proteins (pH/M NF, 1:250, Chemicon International, Temecula, CA,
USA) overnight at 4 °C. After several washes, the sections were
incubated for 2 h at room temperature with secondary antibodies
(Biotinylated anti mouse IgG, diluted 1:300, Vector Laboratories Inc.,
Burlingame, CA, USA). Labeling was revealed using the ABC kit (Vector
Laboratories Inc., Burlingame, CA, USA). Peroxidase activity was
revealed with 0.01% hydrogen peroxide, using 3,3’-diaminobenzidine
as the chromogen (DAB, Sigma). Immunostaining was absent when
the first antibody was omitted.

For immunofluorescence, tissue sections were blocked for 30 min
in phosphate-buffered saline (PBS) containing 0.3% Bovine Serum
Albumin (BSA; Sigma, St. Louis, MO, USA) and 0.3% Triton X-100.
Sections were incubated overnight at 4 °C with a rabbit polyclonal anti
GFAP antibody (1:2000, Sigma St. Louis, MO, USA) or a mouse
monoclonal anti MAP-2 antibody (1:500, Sigma St. Louis, MO, USA).
After washing in buffer, tissue sections were incubated for 2 h at room
temperature with Alexa 488 goat anti-rabbit IgG (1:200, Molecular
Probes) or Alexa 594 goat anti-mouse IgG (1:200, Molecular Probes).
Sections were counterstained with DAPI (Vector Laboratories Inc.,
Burlingame, CA, USA) to label cell nuclei and mounted with
Vectashield mounting medium. Immunostaining was absent when
the first antibody was omitted. In order to minimize inter-assay
variations, samples from all experimental groups were processed in
parallel.

Morphometric analysis

The volume fraction of immunoreactive material for MAP-2, 120 NF
and pH/M NF was estimated using the point-counting method of
Weibel (1979) and a grid delimiting 5000 um? in the striatum radiatum
of CAl. A total area of 75,000 um? was evaluated in each animal.
Percentage of reactive area was estimated using Image ] Program (Image
J 1.410, NIH, USA). The number of GFAP immunoreactive astrocytes was
estimated in the striatum radiatum of CA1 by the optical dissector
method (Howard and Reed, 1998) using total section thickness for
dissector height (Hatton and von Bartheld, 1999) and a counting frame
of 55x 55 um. A total of 78 counting frames were assessed per animal.
Section thickness was measured using a digital length gauge device
(Heidenhain-Metro MT 12/ND221; Traunreut, Germany) attached to
the stage of a Leitz microscope. Cell nuclei from GFAP immunoreactive
cells that came into focus while focusing down through the dissector
height were counted. All counts were performed on coded sections. The
volume of the striatum radiatum of CA1 was estimated using the point-
counting method of Weibel (1979). Since no significant differences in
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this parameter were observed among the different experimental
groups, the changes in the number of GFAP immunoreactive cells per
unit volume with the optical dissector method are assumed to reflect
changes in the total number of GFAP immunoreactive cells.

Statistical analysis

Material from four rats was analyzed for each experimental group
and for each parameter studied (n=16). All statistical analyses were
performed by two-way analysis of variances (ANOVAs) with birth
condition (CTL and PA) and treatment (Vhi and 17p) as the main
factors. When interaction effects were significant, analyses of the
simple effects were carried out by post hoc comparisons using
Student's t-test (two-tailed) adjusted by Bonferroni correction. In any
case neither the assumption of normal distribution (Shapiro-Wilk
test) nor equality of variances (Levene's test) was rejected. Results
were expressed as the mean 4 SEM. 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 software (SPSS Inc,
Chicago, IL, USA).

Results

GFAP immunostaining in the CA1 hippocampal area. Effects of PA and
173 treatment

Hippocampal sections from PA animals treated with vehicle,
stained with GFAP and observed at confocal microscopy showed a
marked astrogliosis in striatum radiatum of CA1 hippocampal area,

Control

Vehicle

1 7] estradiol

which is a characteristic feature for chronic process of neurodegen-
eration (Fig. 1C). The morphometric analysis in the striatum radiatum
of CA1 confirmed this data. The two-way analysis of variance
indicated that the main factors of birth condition and treatment
were both significant (F=26.76, P<0.001; F=8.27, P<0.01, respec-
tively), and the interaction was also significant (F=23.44, P<0.01).
Post hoc analysis of the simple effects revealed that treatment with
17p estradiol in CTL rats had not significant effect on the number of
GFAP immunoreactive astrocytes in comparison to CTL rats injected
with vehicle (P=n.s., see Figs. 1-B, 1-A and 2). PA rats injected with
vehicle showed a markedly significant increase of the number of GFAP
immunoreactive astrocytes in comparison to CTL rats treated with
vehicle (P<0.005, see Figs. 1-C, 1-A and 2). Estradiol treatment in PA
rats significantly reduced the number of GFAP immunoreactive
astrocytes in comparison to PA rats treated with vehicle (P<0.005,
see Figs. 1-D, 1-C and 2), and moreover they did not show significant
differences with CTL rats injected with vehicle (P=n.s., see Figs. 1-D,
1-A and 2), suggesting a reversion of astrogliosis associated with
hypoxia at birth by 17 estradiol treatment in the adulthood.

Dendritic alterations induced by PA and reversion by 1713 estradiol
treatment

Confocal studies using MAP-2 were conducted to determine the
dendritic changes after PA insult. Animals subjected to PA and treated
with vehicle showed focal swelling and markedly fragmented
appearance of MAP-2 immunoreactive apical dendrites in the CAl
hippocampal area, compared to control animals treated with vehicle
(see Figs. 3-A and 3-C). In addition, the statistical analysis revealed

PA

.

Fig. 1. Confocal microscope images of GFAP immunostaining from the striatum radiatum of CA1 hippocampal area. The hippocampus of PA animals treated with vehicle showed a
marked reactive astrogliosis (panel C) respect to controls injected with vehicle and 17 estradiol (panels A and B). See in panel D that 173 estradiol treatment reduce the reactive

astrogliosis in PA animals. Scale bar: 10 pm.



618 G.E. Saraceno et al. / Experimental Neurology 223 (2010) 615-622

12000+

i

10000+

8000+

6000

4000+

2000+

GFAP+ astrocytes/mm®

NI

CTL-Vhi CTL+ PA-Vhi PA-17B

]
w

Fig. 2. Assessment of the number of GFAP immunoreactive astrocytes in the striatum
radiatum of CA1. Estradiol by itself did not produce any statistical differences in the number
of GFAP immunoreactive astrocytes, since CTL rats treated with estradiol (CTL-17(3) did not
show differences in the number of GFAP+ astrocytes in comparison to CTL rats treated with
vehicle (CTL-Vhi). Animals that were submitted to PA and treated with vehicle (PA-Vhi)
showed a significant increase of GFAP immunoreactive astrocytes in comparison to CTL-Vhi
and PA rats treated with 17p estradiol (PA-173). Moreover, number of GFAP
immunoreactive astrocytes in PA-17 rats did not differ from those seen in CTL-Vhi rats,
demonstrating that estradiol treatment in adult rats blocked the reactive astrogliosis
associated with a PA event. Bars and error bars represent mean + SEM. **P<0.005, PA-Vhi
vs. CTL-Vhi; 17P<0.005, PA-Vhi vs. PA-17p.

that neither the main factor of birth condition nor the main factor of
treatment was significant (F=1.66, P=n.s.; F=2,99; P=n.s, respec-
tively), but the interaction was (F=6.23, P=0.016). Post hoc analysis

Control

_ Vehjcle

17p estradiol

indicated that 17p estradiol treatment in CTL rats did not produce any
significant changes of the percentage of reactive area of MAP-2
positive dendrites with respect to CTL rats injected with vehicle
(P=n.s., see Figs. 3-B, 3-A and 4). Rats subjected to PA and treated
with vehicle showed a significant reduction of the percentage of
reactive area of MAP-2 positive dendrites in comparison to CTL rats
injected with vehicle (P<0.05, see Figs. 3-C, 3-A and 4). Estradiol
treatment in adults rats that suffered from PA significantly improved
the mean percentage of reactive area of MAP-2 positive dendrites in
comparison to PA rats treated with vehicle (P<0.05, see Figs. 3-D, 3-C
and 4), while no differences were detected between PA rats treated
with 17p estradiol and CTL rats injected with vehicle (P=n.s., see
Figs. 3-D, 3-A and 4).

Effects of PA and 1783 estradiol treatment on axonal neurofilaments

Axonal alterations were studied using immunocytochemistry for
medium molecular weight neurofilaments (120 NF) and phosphorylat-
ed high and medium molecular weight neurofilaments (pH/M NF). Fig. 5
shows a representative example of a hippocampal section immunos-
tained for 120 NF. No obvious differences in 120 NF immunostaining
were detected between animals subjected to PA and control animals. In
agreement with the qualitative observations, the statistical analysis
showed that neither the main factor of birth condition nor the main
factor of treatment nor the interaction was significant (F<1; F=2.3,
P=n.s.; P<1, respectively. See Fig. 6). In contrast, noticeable changes
were seen in the volume fraction of immunoreactive material for
phosphorylated high and medium molecular weight neurofilaments
after PA and 17p treatment. The two-way ANOVA revealed that the

Fig. 3. Confocal microscope images of MAP-2 immunostaining from the striatum radiatum of CA1 hippocampal area. MAP-2 immunostaining revealed a focal swelling and a markedly
fragmented appearance of distal dendrites in the CA1 region of PA animals injected with vehicle (panel C) respect to control groups treated with vehicle and 17( estradiol (panels A
and B). Asphyctic animals injected with 17 estradiol (panel D) shows similar morphological characteristics to the control groups (panels A and B). Scale bar: 10 pm.
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Fig. 4. Assessment of the percentage of reactive area of MAP-2 positive dendrites in the
striatum radiatum of CA1. The statistical analysis revealed a significant decrease of the
percentage of reactive area of MAP-2 positive dendrites in PA rats treated with vehicle
(PA-Vhi) in comparison to CTL rats treated with vehicle (CTL-Vhi) and PA rats treated
with 170 estradiol (PA-17(3). In addition, PA-17f3 rats did not differ in the percentage of
reactive area of MAP-2 positive dendrites in comparison to CTL-Vhi rats, suggesting a
reversion of dendritic alterations associated with perinatal asphyxia. Estradiol by itself
did not produce any differences in the percentage of reactive area of MAP-2 positive
dendrites, since CTL-17( rats did not differ in the percentage of reactive area of MAP-2
positive dendrites from CTL-Vhi rats. Bars and error bars represent mean + SEM.
*P<0.05, PA-Vhi vs. CTL-Vhi; 7P<0.05, PA-Vhi vs. PA-17p.

main effects of birth condition and treatment and the interaction were
all significant (F=41.93, P<0.001; F=7.79, P<0.01; F=15.8, P<0.001,
respectively). Post hoc analysis showed that treatment with 17p
Estradiol in adults CTL rats had not any effect in the percentage of the
reactive area of pH/M NF (CTL-Vhi vs. CTL-17 3, P=n.s., See Figs. 7-A, 7-
B and 8). Rats subjected to PA and injected at adulthood with vehicle
showed a significantly reduced percentage of the reactive area of pH/M
NF than CTL rats treated with vehicle (P<0.005, see Figs. 7-C, 7-A and 8).

Control

Vebicle

_17p estradiol

The treatment with 17p Estradiol in PA rats enhanced the percentage of
the reactive area of pH/M NF in comparison to PA rats treated with
vehicle (P<0.005, see Figs. 7-D, 7-C and 8). Furthermore, 173 Estradiol
treatment in PA rats increased the percentage of the reactive area
of pH/M NF to a similar level to the one seen in CTL treated with vehicle
(P=n.s., CTL-Vhi vs. AP-17 . See Figs. 7-A, 7-D and 8).

Discussion

In this work we demonstrate that PA in rats results in permanent
changes in glial and neuronal cells in the hippocampus after four months
of the induction of asphyctic insult. We have focus our study on CA1 area
of hippocampus since it is one of the most affected areas by PA insult
(Petito and Pulsinelli, 1984). We have detected increased astrogliosis,
focal swelling and fragmentation of CA1 apical dendrites, decreased
MAP-2 immunoreactivity, and decreased phosphorylated high and
medium molecular weight neurofilaments in the hippocampus of adult
rats subjected to PA. These alterations are well established markers of
neurodegenerative damage in the central nervous system. Treatment
with 173 estradiol has blocked these alterations in the hippocampal
cytoskeleton. Thus, this data suggests that 173 estradiol could be a
possible therapeutic tool for the neurological disorders produced by the
asphyxia during birth.

Cytoskeletal alterations are blocked by estradiol treatment

Estradiol treatment of adult rats that were subjected to perinatal
asphyxia resulted in a decrease in the number of GFAP immunore-
active astrocytes in the hippocampus to similar values to those seen in
control animals. These findings are in agreement with previous
reports that indicate that estradiol reduces reactive astrogliosis after
different forms of brain injury in adult animals (Arevalo et al., in press;

Fig. 5. Optical microscope images show a representative example of a striatum radiatum of CA1 hippocampal area immunostained for 120 NF. No obvious difference were observed in
PA animals treated with vehicle (Panel C) respect to CTL injected with vehicle or 173 Estradiol (Panel A and B, respectively). Asphyctic animals treated with 17 Estradiol (Panel D)
showed similar morphological characteristics to control groups (Panel A and B). Scale bar: 10 pm.
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Fig. 6. Assessment of the percentage of reactive area of medium molecular weight
neurofilaments (120 NF) in the stratum radiatum of CA1. No differences among any of
the groups were detected by the statistical analysis in agreement with the qualitative
observation. Bars and error bars represent mean + SEM.

Barreto et al., 2009). However, most studies have tested the antigliotic
properties of estradiol when the hormone was administrated before
or shortly after the induction of brain damage. Our findings indicate
that the hormone is also able to reduce, in adult animals, chronic
reactive astrogliosis caused by an early developmental neurodegen-
erative event.

Under neurodegenerative conditions astrocytes proliferate and the
expression of GFAP is increased (Eng and Ghirnikar, 1994; Pekny and
Nilsson, 2005). Alterations in dendrites are also a common finding under
neurodegenerative conditions (Ikonomidou et al, 1989; Hsu and
Buzsaki, 1993; Hori and Carpenter, 1994; Matesic and Lin, 1994;
Ramon y Cajal, 1995) and the aberrant phosphorylation of neurofila-
ments is a hallmark of axonal degeneration (Grant and Pant, 2000; Sihag
et al., 2007). Consistent with this data we have shown in previous work
reactive astrogliosis in neostriatum of rat at six months after PA (Cebral
et al., 2006). In addition, we have recently demonstrated that rats at six
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Fig. 8. Assessment of the percentage of reactive area of phosphorylated high and medium
molecular weight neurofilament (pH/M NF) in the stratum radiatum of CA1. Estradiol by
itself did not produce any statistical differences in the percentage of reactive area of pH/M
NF, since CTL rats treated with estradiol (CTL-17p3) did not show differences in the
percentage of reactive area of pH/M NF in comparison to CTL rats treated with vehicle
(CTL-Vhi). Animals that were submitted to PA and treated with vehicle (PA-Vhi) showed a
significant decrease of the percentage of reactive area of pH/M NF in comparison to
CTL-Vhi and PA rats treated with 173 estradiol (PA-173). Moreover, the percentage of
reactive area of pH/M NF in PA-173 rats did not differ from that seen in CTL-Vhi rats,
demonstrating that estradiol treatment in adult rats blocked the axonal alterations
associated with a PA event. Bars and error bars represent mean + SEM. **P<0.005, PA-Vhi
vs. CTL-Vhi; {P<0.005, PA-Vhi vs. PA-17(.

month after PA showed clear signs of synaptic neurodegeneration in the
neostriatum and accumulation of ubi-proteins (Capani et al., 2009).
Taken together, our findings indicate that the experimental model of
perinatal asphyxia used in this study causes neurodegenerative
alterations that are still detectable in adult life. The existence of
permanent alterations in the hippocampus of rats subjected to perinatal
asphyxia are in agreement with the permanent neurological deficits
associated with this pathological condition in humans (Hill and Volpe,
1981; Amiel-Tison and Ellison, 1986; Osborne et al., 2004).

The alterations produced by perinatal asphyxia in the volume
fraction of immunoreactivity material for phosphorylated high and

PA

Fig. 7. Optical microscope images show a representative example of a striatum radiatum of CA1 hippocampal area immunostained for phosphorylated H/M NF. Obvious differences in
pH/M NF immunostaining were detected between PA treated with vehicle (panel C) and control groups (panels A and B). Estradiol treatment reverts the decrease of staining seen in

asphyctic animals (panel D). Scale bar: 10 pm.
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medium molecular weight neurofilaments are in agreement with our
previous finding of NF alterations in the neostriatum of six month-old
rats (Cebral et al., 2006). This data suggested that NF alterations are a
consistent modification induced by PA. In addition, abnormal NF
accumulations are found in several human neurological diseases, such
as amyotrophic lateral sclerosis, Parkinson's disease, Alzheimer's
disease, progressive supranuclear palsy, Charcot-Marie-Tooth disease,
diabetic neuropathy, giant axonal neuropathy, and NF inclusion disease
(Hirano, 1994; Mori et al., 1996; Bomont et al., 2000; Shepherd et al.,
2002). Since NF proteins are preferential targets for oxidative stress
(Gélinas et al., 2000; Hand and Rouleau, 2002) estrogens can induce its
neuroprotective function modulating free radical production. Moreover,
estrogen therapy was able to preserve the microtubule organization of
the dendrite severely modified by perinatal asphyxia. A substantial body
of evidences suggested that estrogens are related with the facilitation
and preservation of neurite growth during the development of nervous
system although the molecular mechanisms are not still fully
understood (Dominguez et al., 2004). Recently, it was proposed that
17p-estradiol-mediated ERK activation is involved in the maintenance
of neuritic arborisation and neuronal morphology in pro-apoptotic
conditions (Mifiano et al., 2008).

Conclusions

In conclusion, our findings suggest that estradiol therapy in adult life
may reverse neural deficits caused by early brain damage, such as the
ones caused by perinatal asphyxia. Therefore, in addition to its well
characterized neuroprotective actions to prevent neuronal damage,
estradiol may also have neuro-reparative properties, decreasing brain
alterations caused by early life events. Since estradiol may have
numerous undesirable peripheral effects, further studies should address
the effect of selective estrogen receptor modulators or non-feminizing
estrogens, which may represent a more adequate therapeutic approach.

Acknowledgments

This research has been supported by Ministerio de Ciencia e
Innovacién, Spain (BFU2008-02950-C03-01), IBRO Studentship 2008,
MAEC-AECID Fellowship 2008, UBACYTM407 and PIP5784. We also
thank to Dr. Guelman who provided 17B Estradiol used in this study.
G.ES., M.LA-B,, P.G. and ]J.LR. are fellowship holders from CONICET
(Argentina).

References

Amiel-Tison, C., Ellison, P., 1986. Birth asphyxia in the fullterm newborn: early assess-
ment and outcome. Dev. Med. Child Neurol. 28, 671-682.

Arevalo, M.A.,, Santos-Galindo, M., Bellini, M.J., Azcoitia, I., Garcia-Segura, LM., in press.
Actions of estrogens on glial cells: implications for neuroprotection. Biochim. Biophys.
Acta. doi:10.1016/j.bbagen.2009.10.002.

Barreto, G., Santos-Galindo, M., Diz-Chaves, Y., Pernia, O., Carrero, P., Azcoitia, I., Garcia-
Segura, L.M., 2009. Selective estrogen receptor modulators decrease reactive
astrogliosis in the injured brain: effects of aging and prolonged depletion of ovarian
hormones. Endocrinology 150, 5010-5015.

Bjelke, B., Andersson, K., Ogren, S.0., Bolme, P., 1991. Asphyctic lesion: proliferation of
tyrosine hydroxylase-immunoreactive nerve cell bodies in the rat substantia nigra
and functional changes in dopamine neurotransmission. Brain Res. 543, 1-9.

Bomont, P., Cavalier, L., Blondeau, F., Ben Hamida, C., Belal, S., Tazir, M., Demir, E.,
Topaloglu, H., Korinthenberg, R., Tilysiiz, B., Landrieu, P., Hentati, F., Koenig, M.,
2000. The gene encoding gigaxonin, a new member of the cytoskeletal BTB/kelch
repeat family, is mutated in giant axonal neuropathy. Nat. Genet. 26, 370-374.

Bourque, M., Dluzen, D.E., Di Paolo, T., 2009. Neuroprotective actions of sex steroids in
Parkinson's disease. Front. Neuroendocrinol. 30, 142-157.

Busto, R., Globus, M.Y., Dietrich, W.D., Martinez, E., Valdés, 1., Ginsberg, M.D., 1989.
Effect of mild hypothermia on ischemia-induced release of neurotransmitters and
free fatty acids in rat brain. Stroke 20, 904-910.

Capani, F.,, Loidl, F.,, Lopez-Costa, J.J., Selvin-Testa, A., Saavedra, ].P., 1997. Ultrastructural
changes in nitric oxide synthase immunoreactivity in the brain of rats subjected to
perinatal asphyxia: neuroprotective effects of cold treatment. Brain Res. 775, 11-23.

Capani, F,, Loidl, C.F., Aguirre, F., Piehl, L., Facorro, G., Hager, A., De Paoli, T., Farach, H.,
Pecci-Saavedra, ]., 2001. Changes in reactive oxygen species (ROS) production in rat
brain during global perinatal asphyxia: an ESR study. Brain Res. 914, 204-207.

Capani, F,, Loidl, CF,, Piehl, L.L., Facorro, G., De Paoli, T., Hager, A., 2003. Long term
production of reactive oxygen species during perinatal asphyxia in the rat central
nervous system: effects of hypothermia. Int. J. Neurosci. 113, 641-654.

Capani, F., Saraceno, G.E., Botti, V., Aon-Bertolino, L., de Oliveira, D.M., Barreto, G.,
Galeano, P., Giraldez-Alvarez, L.D., Coirini, H., 2009. Protein ubiquitination in
postsynaptic densities after hypoxia in rat neostriatum is blocked by hypothermia.
Exp. Neurol. 219, 404-413.

Cebral, E., Capani, F,, Selvin-Testa, A., Funes, M.R., Coirini, H., Loidl, C.F., 2006. Neostriatal
cytoskeleton changes following perinatal asphyxia: effect of hypothermia treatment.
Int. J. Neurosci. 116, 697-714.

Choi, D.W., Rothman, S.M., 1990. The role of glutamate neurotoxicity in hypoxic-ischemic
neuronal death. Annu. Rev. Neurosci. 13, 171-182.

Dominguez, R, Jalali, C., de Lacalle, S., 2004. Morphological effects of estrogen on
cholinergic neurons in vitro involves activation of extracellular signal-regulated
kinases. J. Neurosci. 24, 982-990.

Dorfman, V.B., Vega, M.C,, Coirini, H., 2006. Age-related changes of the GABA-B receptor
in the lumbar spinal cord of male rats and penile erection. Life Sci. 78, 1529-1534.

Eng, L.F., Ghirnikar, R.S., 1994. GFAP and astrogliosis. Brain Pathol. 4, 229-237.

Farooqui, A.A., Haun, S.E., Horrocks, LA, 1994. Ischemia and hypoxia. In: Siegel, GJ.,
Agranoff, B.W., Albers, RW., Molinoff, P.B. (Eds.), Basic Neurochemistry. Raven Press,
New York, pp. 867-883.

Ferriero, D.M., 2004. Neonatal brain injury. N. Engl. J. Med. 351, 1985-1995.

Garcia-Segura, L.M., Balthazart, J., 2009. Steroids and neuroprotection: new advances.
Front. Neuroendocrinol. 30, v-ix.

Gélinas, S., Chapados, C., Beauregard, M., Gosselin, L, Martinoli, M.G., 2000. Effect of oxidative
stress on stability and structure of neurofilament proteins. Biochem. Cell Biol. 78, 667-674.

Gonzalez, F.F.,, Ferriero, D.M., 2008. Therapeutics for neonatal brain injury. Pharmacol.
Ther. 120, 43-53.

Grant, P., Pant, H.C,, 2000. Neurofilament protein synthesis and phosphorylation.
J. Neurocytol. 29, 843-872.

Gunn, AJ., 2000. Cerebral hypothermia for prevention of brain injury following perinatal
asphyxia. Curr. Opin. Pediatr. 12, 111-115.

Hand, CK,, Rouleau, G.A., 2002. Familial amyotrophic lateral sclerosis. Muscle Nerve 25,
135-139.

Hatton, W.J., von Bartheld, C.S., 1999. Analysis of cell death in the trochlear nucleus of
the chick embryo: calibration of the optical disector counting method reveals
systematic bias. J. Comp. Neurol. 409, 169-186.

Hill, A., Volpe, ].J., 1981. Seizures, hypoxic-ischemic brain injury, and intraventricular
hemorrhage in the newborn. Ann. Neurol. 10, 109-121.

Hirano, A.,, 1994. Hirano bodies and related neuronal inclusions. Neuropathol. Appl.
Neurobiol. 20, 3-11.

Hori, N., Carpenter, D.O., 1994. Functional and morphological changes induced by
transient in vivo ischemia. Exp. Neurol. 129, 279-289.

Howard, C.V., Reed, M.G., 1998. Unbiased Stereology. Three-Dimensional Measurement
in Microscopy. BIOS Scientific Publishers, Oxford.

Hsu, M., Buzsdki, G., 1993. Vulnerability of mossy fiber targets in the rat hippocampus to
forebrain ischemia. ]. Neurosci. 13, 3964-3979.

Ikonomidou, C,, Price, M.T., Mosinger, ].L., Frierdich, G., Labruyere, ]., Salles, K.S., Olney, JW.,
1989. Hypobaric-ischemic conditions produce glutamate-like cytopathology in infant
rat brain. J. Neurosci. 9, 1693-1700.

Kamme, F., Wieloch, T., 1996. Induction of junD mRNA after transient forebrain
ischemia in the rat. Effect of hypothermia. Brain Res. Mol. Brain Res. 43, 51-56.

Kipp, M., Beyer, C., 2009. Impact of sex steroids on neuroinflammatory processes and
experimental multiple sclerosis. Front. Neuroendocrinol. 30, 188-200.

Kirino, T., 1982. Delayed neuronal death in the gerbil hippocampus following ischemia.
Brain Res. 239, 57-69.

Kruse, M.S., Rey, M., Barutta, J., Coirini, H., 2009. Allopregnanolone effects on
astrogliosis induced by hypoxia in organotypic cultures of striatum, hippocampus,
and neocortex. Brain Res. 1303, 1-7.

Lebesgue, D., Chevaleyre, V., Zukin, R.S., Etgen, A.M., 2009. Estradiol rescues neurons
from global ischemia-induced cell death: multiple cellular pathways of neuropro-
tection. Steroids 74, 555-561.

Loidl, CF., Capani, F., Lopez-Costa, J.J., Selvin-Testa, A., Lopez, E.M., Pecci-Saavedra, ].,
1997. Long term changes in NADPH-diaphorase reactivity in striatal and cortical
neurons following experimental perinatal asphyxia: neuroprotective effects of
hypothermia. Int. J. Neurosci. 89, 1-14.

Loidl, CF,, Gavilanes, AW., Van Dijk, E.H., Vreuls, W., Blokland, A., Vles, ].S., Steinbusch, H.W.,
Blanco, CE., 2000. Effects of hypothermia and gender on survival and behavior after
perinatal asphyxia in rats. Physiol. Behav. 68, 263-269.

Matesic, D.F., Lin, R.C.,, 1994. Microtubule-associated protein 2 as an early indicator of
ischemia-induced neurodegeneration in the gerbil forebrain. ]. Neurochem. 63,
1012-1020.

Mifiano, A., Xifr6, X., Pérez, V., Barneda-Zahonero, B., Saura, C.A., Rodriguez-Alvarez, J.,
2008. Estradiol facilitates neurite maintenance by a Src/Ras/ERK signalling pathway.
Mol. Cell. Neurosci. 39, 143-151.

Mori, H., Oda, M., Mizuno, Y., 1996. Cortical ballooned neurons in progressive
supranuclear palsy. Neurosci. Lett. 209, 109-112.

Osborne, N.N., Casson, RJ., Wood, ].P., Chidlow, G., Graham, M., Melena, ., 2004. Retinal
ischemia: mechanisms of damage and potential therapeutic strategies. Prog. Retin.
Eye Res. 23, 91-147.

Pekny, M., Nilsson, M., 2005. Astrocyte activation and reactive gliosis. Glia 50, 427-434.

Petito, CK., Pulsinelli, W.A., 1984. Delayed neuronal recovery and neuronal death in rat
hippocampus following severe cerebral ischemia: possible relationship to abnormalities
in neuronal processes. ]. Cereb. Blood Flow Metab. 4, 194-205.

Pike, CJ., Carroll, J.C.,, Rosario, E.R., Barron, A.M., 2009. Protective actions of sex steroid
hormones in Alzheimer's disease. Front. Neuroendocrinol. 30, 239-258.



622

Ramén y Cajal, S., 1995. Histology of the Nervous System of Man and Vertebrates, Oxford
University Press, New York. Translated by N. Swanson and L.W. Swanson.

Shankaran, S., 2009. Neonatal encephalopathy: treatment with hypothermia. J. Neurotrauma
26, 437-443.

Shepherd, CE., McCann, H,, Thiel, E, Halliday, G.M., 2002. Neurofilament-immunoreactive
neurons in Alzheimer's disease and dementia with Lewy bodies. Neurobiol. Dis. 9, 249-257.

Sihag, RK,, Inagaki, M., Yamaguchi, T., Shea, T.B., Pant, H.C., 2007. Role of phosphorylation
on the structural dynamics and function of types Il and IV intermediate filaments. Exp.
Cell Res. 313, 2098-2109.

Suzuki, S., Brown, C.M., Wise, P.M., 2009. Neuroprotective effects of estrogens following
ischemic stroke. Front. Neuroendocrinol. 30, 201-211.

G.E. Saraceno et al. / Experimental Neurology 223 (2010) 615-622

Tapia-Gonzalez, S., Carrero, P., Pernia, O., Garcia-Segura, L.M., Diz-Chaves, Y., 2008.
Selective oestrogen receptor (ER) modulators reduce microglia reactivity in vivo
after peripheral inflammation: potential role of microglial ERs. J. Endocrinol. 198,
219-230.

Van de Berg, W.D., Kwaijtaal, M., de Louw, AJ]., Lissone, N.P., Schmitz, C., Faull, R.L.,
Blokland, A., Blanco, C.E., Steinbusch, H.W., 2003. Impact of perinatal asphyxia on
the GABAergic and locomotor system. Neuroscience 117, 83-96.

Vannucci, R.C,, Perlman, J.M., 1997. Interventions for perinatal hypoxic-ischemic ence-
phalopathy. Pediatrics 100, 1004-1014.

Weibel, E.R., 1979. Stereological Methods. Practical Methods for Biological Morphometry,
Vol. I. Academic Press, New York.



	Estradiol therapy in adulthood reverses glial and neuronal alterations caused by perinatal asph.....
	Introduction
	Materials and methods
	Animals
	Induction of asphyxia
	17β estradiol treatment
	Tissue fixation and immunohistochemistry
	Morphometric analysis
	Statistical analysis

	Results
	GFAP immunostaining in the CA1 hippocampal area. Effects of PA and �17β treatment
	Dendritic alterations induced by PA and reversion by 17β estradiol �treatment
	Effects of PA and 17β estradiol treatment on axonal neurofilaments

	Discussion
	Cytoskeletal alterations are blocked by estradiol treatment

	Conclusions
	Acknowledgments
	References




