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Abstract

Background/Aims: Few studies address the long-term con-
sequences of perinatal hypoxia (H), a frequent birth compli-
cation. Previously we described advanced reproductive se-
nescence (premature loss of regular cyclicity) in female rats
subjected to perinatal H or H plus unilateral ischemia (HI)
associated with changes in the hypothalamic expression of
estrogen and opioid receptors. Our aim is to explore wheth-
er hypothalamic inflammation and oxidative damage medi-
ate these reproductive alterations. Methods: Female rats
were subjected on postnatal day (PND) 7 to H (6.5% O, for 50
min) or HI (H + right carotid artery ligature) and inflamma-
tion/oxidative damage markers, such asiNOS, nNOS, insulin-
like growth factor (IGF) system expression, glial reaction and
macrophage invasion in the medial basal hypothalamus-
preoptic area (GFAP Western blot and immunohistochemis-
try, ED1 immunohistochemistry), were determined. The ef-
fect of antioxidant treatment with vitamin E (VE; 1.5 mg/rat
on PND 4, 6 and 8) was also explored. Results: No significant
cellular inflammatory reactions were observed although

GFAP protein was significantly increased at early times after
injury. Forty-eight hours after injury iNOS, nNOS and IGF-I
MRNA decreased in the HI group, and nNOS in the H group.
IGFBP-3 mRNA increased in Hl rats at 48 h and 30 days, while
it fell at 7 days postinjury in both groups. VE treatment pre-
vented the effects of Hl on oxidation/inflammation markers,
but did not prevent the premature onset of reproductive se-
nescence or the altered hormone receptors expression. Con-
clusion: These results suggest that the oxidative and inflam-
matory damage caused by perinatal H or HI may not be re-
sponsible for the late-onset reproductive abnormalities.

© 2014 S. Karger AG, Basel

Introduction

Although the effects of neonatal hypoxia (H) or hy-
poxia-ischemia have been well studied, and different
therapeutic approaches designed to limit damage have
been explored, there are very few studies concerning the
long-term consequences of a hypoxic episode near birth.
In our previous study [1], we described a significantly
premature onset of reproductive senescence (evidenced
by a 3-4 month earlier start of cycling irregularities and
the establishment of anestrus) in female Sprague-Dawley

© 2014 S. Karger AG, Basel
0028-3835/14/0994-0204$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/nen

Graciela A. Jahn

Laboratorio de Reproduccion y Lactancia
IMBECU-CCT-CONICET Mendoza, C.C. 855
5500 Mendoza (Argentina)

E-Mail gjahn @ mendoza-conicet.gov.ar

=
[
~
[
&
I
I
)




rats subjected to mild H or hypoxia plus unilateral isch-
emia (HI). These changes were associated with early de-
creases in the expression of estrogen receptor (ER), pro-
gesterone receptor (PR) and opioid receptor (OR) in the
mediobasal hypothalamus-preoptic area (MBH-PO), fol-
lowed by increased pOR protein and ERB mRNA in the
H group and ERa, ERPB and pfOR mRNAs and ER protein
in the HI group 30 days postinjury [1]. Altered expression
of these proteins has been associated with aging of the re-
productive system [2-4], among other factors.

On the other hand, the endocrine changes associated
with reproductive senescence are complex and may not
be solely associated with simple changes in the concentra-
tion of hormones or their receptors in relevant hypotha-
lamic areas. It is quite probable that other factors indi-
rectly associated with hormone action may contribute to
the early reproductive senescence phenotype and cannot
be ignored if we wish to elucidate the mechanism of this
process. For example, chronic oxidative damage has been
implicated in the aging process through the production
of reactive oxygen species (ROS) that in turn produce lip-
id peroxidation and damage to tissues, in particular lipid-
rich ones, such as the central nervous system. Thus, oxi-
dative stress mimics the effects of aging on cognitive im-
pairment and antioxidant treatment with vitamin E (VE;
a-tocopherol) can prevent or delay the damage [5-7]. At
least part of the brain tissue damage produced by H or HI
may be caused by oxidative stress that originated in the
reperfusion process [8, 9]. Inhibition of these processes
prevents edema and neuronal damage [9-11]. For this
reason, antioxidants have been used for neuronal protec-
tion in different experimental models of neuronal dam-
age.

In particular, oxidative damage produced by the re-
peated exposure to elevated estradiol caused by the pre-
ovulatory peaks occurring during the reproductive peri-
od have been implied as a cause of reproductive senes-
cence, rather than aging per se [12]. In support of this
hypothesis, the damage produced by chronic exposure to
estrogens can be mitigated by free radical scavengers,
such as vitamins C and E, and glutathione. In fact, phar-
macological actions of administered estrogen in causing
premature constant estrus are antagonized by the admin-
istration of VE [13, 14]. VE has antioxidant and plasma
membrane stabilizing properties [9, 15-17]. Pretreat-
ment with VE reduces brain edema, promotes ATP syn-
thesis and inhibits the neuronal signals produced after an
HI episode [9, 10]. Furthermore, VE deficiency produces
neurological defects that are similar to those caused by
normal aging [8, 18].

VE Reverses Hypoxia-Ischemia Oxidative
Damage

Nitric oxide (NO) has an important role in the mecha-
nism of H through its vasodilatory action, and it may also
contribute to the injury when an excessive amount pro-
duced during reperfusion can induce oxidative damage
[8, 9]. NO has also been implicated in the regulation of
sex behavior [19] and in the secretion of various pituitary
hormones [20-22], while brain NO activity is modified
by stimuli that also affect hormone secretion, such as go-
nadectomy [23], lactation [24] and stress [25].

The insulin-like growth factor (IGF) system has also
been implicated in the regulation of the hypothalamo-
pituitary-gonadal axis, for example during puberty [26,
27]. It regulates the neurotrophic response after HI [28],
brain glucose consumption [29] and brain neurogenesis
[30, 31]. Reduced circulating and brain IGF-I levels have
been associated with physiopathological changes linked
to aging [32].

The purpose of the present work is to contribute to the
elucidation of the hypothalamic mechanisms through
which neonatal HI or H advance reproductive senes-
cence, in particular whether the effects are mediated by
oxidative damage. With this aim we determined the ef-
fects of HI or H on different markers of inflammation and
oxidative damage, such as: (a) the expression of iNOS and
nNOS in the MBH-PO, since these molecules are markers
of oxidative damage and are relevant for the regulation of
the hypothalamic pituitary gonadal axis, (b) the expres-
sion of the main components of the IGF system in the
MBH-PO, (c) the development of a glial reaction and
macrophage invasion in the MBH-PO in response to the
injuries. We also explored whether an antioxidant treat-
ment with VE is able to prevent premature reproductive
senescence and the changes in estrogen, progesterone,
opioid receptors and inflammation markers produced by
HI.

Methods

Animals

Female Sprague-Dawley rats bred in our laboratory were kept
in a temperature (23 £ 1°C) and light-dark cycle (lights on: 06.00-
20.00 h) controlled environment and fed on a standard laboratory
diet (Cargill, Cordoba, Argentina) and tap water ad libitum. The
rats were mated on the night of proestrus and the following day
was counted as day 0 of pregnancy if spermatozoa were observed
in the vaginal smear. The rats were caged individually 2 or 3 days
before the expected delivery. Delivery was allowed to proceed nor-
mally and the day of birth was defined as postnatal day (PND) 0.
On day 1 of lactation, the number of pups of each litter was ad-
justed to 8 (by culling of surplus males) to insure adequate and
similar nursing and maternal care. The pups were examined daily
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for general good health and otherwise left undisturbed with their
mother until taken for surgery. Female pups were subjected to H
or HI at PND 7, as described below. After these procedures, the
surviving pups were returned to their mothers and remained with
them until weaning at 22-23 days of age.

All the procedures performed on the animals were in accor-
dance with the guidelines suggested by the NIH guide for the care
and use of laboratory animals (NIH publication No. 86-23, revised
1985 and 1991) and the UK requirements for ethics of animal ex-
perimentation [the Animals (Scientific Procedures) Act 1986].
The experiments were approved by the institutional ethics com-
mittee.

Induction of Cerebral H

Induction of H was performed as previously described [33-35].
At PND 7, half of the female pups from each litter were placed in
a 500-ml airtight chamber with controlled humidity and tempera-
ture (36.5°C) by partial submersion in a 37°C water bath to keep
the pups warm during the procedure. A humidified gas mixture of
6.5% O, 93.5% N, was delivered into the jar via inlet and outlet
portals at an approximate flow rate of 100 ml/min. The pups were
exposed to the gas mixture for 50 min. This procedure produced a
mortality rate of less than 5%. Temperature was monitored during
the H period. After H, the surviving pups (H) were allowed to re-
cover for 15 min in the same jar in the warm water bath, but with
the lid open. The remaining littermates (control group; CR) were
placed in the jar for 50 min and maintained at the same warm tem-
perature, breathing room air.

Unilateral Cerebral HI Model

We used the method described by Trescher et al. [36], with
some modifications. Briefly, PND 7 female pups were separated
from their mothers and kept warm, as described above. Under
sevoflurane anesthesia, the right common carotid artery was iso-
lated, ligated in two places and cut between the ligatures. The total
time of surgery was about 7-10 min. After the surgical procedure,
the animals were placed in the temperature-controlled container
to recover for 40 min and were then exposed to 50 min of hypoxia
(HI). H was induced as described above. CR animals comprised
littermates of the treated pups subjected to sham surgery and
placed in the warm jar breathing room air for 50 min. The mortal-
ity rate for the unilateral carotid artery ligature was approximately
10%.

VE Treatment

Female rat pups were injected s.c. with 1.5 mg of VE
(a-tocopherol acetate) (Laboratorios Raymon SAIC, Buenos Ai-
res, Argentina) in 50 pl of corn oil on PND 4, 6 and 8. CR rats were
injected with the same volume of vehicle.

Evaluation of Growth, Sexual Maturation and Estrous Cycle

The pups were inspected daily to determine the age of hair and
teeth irruption and of eye opening. To determine growth rates, the
pups were weighed weekly and the timing of vaginal opening for
female rats was assessed by daily visual inspection from day 30 on-
wards. Vaginal opening reflects the peripubertal estradiol secre-
tion and has been used as the landmark for the progress of repro-
ductive maturity. Immediately after vaginal opening, ovarian cy-
cles were assessed by examination of daily vaginal smears, taken
approximately at the same time each morning for 20 consecutive
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days of each month. Animals with two or more consecutive 4- to
5-day cycles were defined as having regular estrous cycles. Those
with two or more consecutive 6 or more day cycles were defined as
having irregular estrous cycles. Animals showing 14 days or more
of cornified vaginal smears or sequences of several (3-5) days of
cornified cell smears interspersed with 1 day of dioestrus smears
were defined as persistent estrus and those with 10 or more days
of diestrus smears were defined as persistent diestrus.

Determination of Hormone Concentrations

In order to determine the pattern of preovulatory hormonal
secretion during the cycle, 8-10 regularly cycling rats of each ex-
perimental group, at 3 months of age, were bled by the tail vein
under sevoflurane anesthesia twice (at 12.00 and 19.00 h) on pro-
estrus and estrus days. The blood samples were allowed to clot at
room temperature and the serum separated by centrifugation and
stored at -30°C until used. Luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) were measured by double antibody
radioimmunoassay, using materials provided by Dr. A.F. Parlow
and the NHPP (National Hormone and Pituitary Program, Har-
bor-UCLA Medical Center, Torrance, Calif., USA). The hormones
were radioiodinated using the chloramine T method and purified
by passage through Sephadex G75. The results were expressed in
terms of the rat LH RP-3 or FSH RP-3 standard preparations. As-
say sensitivity was 0.5 pg/l of serum and the inter- and intra-assay
coefficients of variation were less than 10% for all hormones.

Brain Tissue Sampling

At48h,7 and 30 days, and 8 and 18 months after injury, groups
of 12 (6 for RNA preparation and 6 for protein homogenate prep-
aration) CR, H or HI rats were sacrificed by decapitation, the
brains were rapidly removed and cut into 200-pm-thick coronal
sections on a slicer (Rodent Brain Matrix RBM-400C, ASI Instru-
ments Inc., Houston, Tex., USA). The sections were collected onto
glass microscope slides and immediately frozen. A block of tissue
comprising the arcuate nucleus, anteroventricular paraventricular
nucleus, median eminence and preoptic area (MBH-PO) was mi-
crodissected and processed for RNA or total protein extraction.

Immunohistochemistry

At 7 and 30 days postinjury, groups of 3 CR, H or HI rats were
deeply anesthetized with chloral hydrate and perfused intracardi-
ally with washing solution (0.5% NaCl, 0.8% sucrose and 0.4% glu-
cose for 10 min) and then with 4% paraformaldehyde in 0.01 M
borate buffer, pH 7.4, plus 0.35 M Na,SO;. The whole heads were
wrapped in aluminum foil and stored overnight at 4°C for com-
plete fixation. On the following day the brains were removed and
cryoprotected with 30% sucrose in 0.01 M borate buffer, pH 7.4.
After 2-3 days, the brains were rapidly frozen at -20°C in isopen-
tane, kept in dry ice, and serially sectioned (30 um) with a cryostat.
Four sections containing the MBH (planes equivalent to plates 47-
52 for the adult rat, described by Paxinos and Watson [37]) were
selected for immunostaining. Slices were washed in 50 mM Tris-
HCI, NaCl (0.9%), pH 7.4, reacted with 3% hydrogen peroxide for
10 min to quench endogenous peroxidase, and then incubated for
45 min in 10% goat serum in blocking solution (saline/Tris buffer
with 0.1% Triton X-100, 1% goat serum and 1% bovine serum al-
bumin). After additional washes, free-floating sections were incu-
bated with anti-GFAP (goat polyclonal C-19, 1/200; Santa Cruz
Biotechnology Inc., Santa Cruz, Calif., USA), anti-ED1 (mouse
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Table 1. Primer sequences and reaction conditions used in the PCR amplification of the various cDNAs

cDNA Primers 5°-3" Cycles, n Quantity of Product  Gene bank
cDNA added, ng accession

IGF-IS AAAATCAGCAGTCTTCCAAC 30 50 299 pb X06108

IGF-1 AS AGATCACAGCTCCGGAAGCA

IGFBP-3 S GCCGCGGGCTCTGCGTCAACGC 25 50 415 pb NMO012588

IGFBP-3 AS CTGGGACTCAGCACATTGAGGAAC

IGFBP-5S TTGCCTCAACGAAAAGAGC 25 50 377 pb NMO012817

IGFBP-5 AS AGAATCCTTTGCGGTCACA

IGF-IR S TCCACCATAGACTGGTCTCT 30 50 433 pb 129232

IGF-IR AS ACGAAGCCATCTGAGTCACT

iNOS S GCATGGACCAGTATAAGGCAAGCA 30 50 219 pb S71597

iNOS AS GCTTCTGGTCGATGTCATGAGCAA

nNOS S GAACCCCCAAGACCATCC 30 50 308 pb X59949

nNOS AS GGCTTTGCTCCCACAGTT

TNFa S CTCGAGTGACAAGCCCGTAG 30 50 387 pb AF329985

TNFa AS TTGACCTCAGCGCTGAGCAG

ERa S AATTCTGACAATCGACGCCAG 30 100 345 bp NMO012689

ERa AS GTGCTTCAACATTCTCCCTCCTC

ERB S AAAGCCAAGAGAAACGGTGGGCAT 25 100 204 bp NMO012754

ERpB AS GCCAATCATCTGCACCAGTTCCTT

HORS ACCTGGCTCCTGGCTCAACTT 25 30 569 bp NMO013071

HOR AS TGGACCCCTGCCTGTATTTTG

PRS CCCACAGGAGTTTGTCAAGCTC 30 50 325 bp NMO0228471

PR AS TAACTTCAGACATCATTTCCGG

B-Actin S CGTGGGCCGCCCTAGGCACCA 25 30 243 bp BC063166

B-Actin AS TTGGCCTTAGGGTTCAGAGGGG

All reactions were carried out with the following cyclic parameters: 95°C for 1 min, 62°C for 1 min and 72°C for 1 min, except that
the annealing temperature was 57°C for iNOS and nNOS, and 59°C for TNFa. All the reactions were terminated with a 5 min extension

at 72°C.

anti-rat monoclonal CD68 Clone ED1, 1/200; Serotec, Kidlington,
UK) and biotynilated anti-goat y-globulin 1/500 (Vector Labora-
tories, Burlingame, Calif, USA) or biotynilated anti-mouse
y-globulin, 1/500, (Vector Laboratories) as secondary antibodies.
The Vectastain avidin-peroxidase kit (Vector Laboratories) was
used as a detector. Diaminobenzidine, glucose oxidase (Sigma, St.
Louis, Mo., USA), plus nickel ammonium sulfate (as color enhanc-
er) were used as a chromogen. Slices were mounted, dehydrated,
and coverslipped with synthetic Canada balsam (Biopack, Buenos
Aires, Argentina).

RNA Extraction and Reverse Transcription PCR

Total RNA was isolated from microdissected MBH-PO from
CR, H and HI rats with TriZol (Gibco-BRL, Life Technologies,
Carlsbad, Calif., USA), according to the manufacturer’s instruc-
tions. Integrity of the isolated total RNA was examined by 1% aga-
rose gel electrophoresis, and RNA concentration was determined

VE Reverses Hypoxia-Ischemia Oxidative
Damage

by the ultraviolet light absorbance at 260 nm. Reverse transcrip-
tion (RT) was carried out using 10 pg of total RNA from the MBH-
PO of each rat. RT was performed at 37°C for 60 min using 200 U
of Moloney murine leukemia virus reverse transcriptase (Gibco-
BRL). Aliquots of the reverse transcription reaction were amplified
with specific primers (table 1). For the PCR amplification, specific
oligonucleotide primers (0.5 uM each) were incubated with 5 pl of
c¢DNA template in a 35-pl PCR reaction mixture containing 1.5
mM of MgCl,, 25 mM of KCI, 10 mM of Tris-HCl, pH 9, 1 pl of de-
oxynucleotides (1 mM each) and 1 unit of Taq polymerase (Invit-
rogen, Carlsbad, Calif., USA). All the products were analyzed in
the linear range of the RT-PCR amplification process (see table 1
for specific conditions of each amplification). RNA samples were
assayed for DNA contamination by PCR without the prior reverse
transcription. The products of each reaction were separated on
1.5% agarose gels containing 0.5 mg/ml of ethidium bromide and
photographed with a digital camera. Band intensities of RT-PCR
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products were quantified using NIH Image software; relative levels
of mRNA were calculated as the ratio of signal intensity for the
target genes relative to f-actin cDNA. The results are expressed as
arbitrary OD units.

Western Blot

For Western blots the tissues were placed in buffer (0.1 M of
NacCl, 0.01 M of Tris-HCI, pH 7.6, plus 0.001 M of EDTA, pH 8,
with a protease inhibitors mix consisting of 1 mM of PMSF, 2 ug/
ml of aprotinin, 2 pg/ml of leupeptin and 2 pg/ml of pepstatin A)
and homogenized. Aliquots were removed to determine protein
content, and the remaining tissue was denatured with SDS (1% fi-
nal concentration) and B-mercaptoethanol (1% final concentra-
tion) and stored at -70°C until the assay.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12%) was performed as described previously [1]. In brief, 10 pug of
protein were loaded per lane. Molecular weight markers were run
in parallel. Electrophoresis was performed at 100 V for 90 min and
electrotransferred overnight (~16 h) at 30 V onto 0.2-um-diameter
pore nitrocellulose membranes (Hybond™ C; Amersham Life Sci-
ence, Little Chalfont, UK). Then, the membranes were rinsed in
PBS buffer containing 0.1% Tween 20 (PBS-T), pH 7.4, blocked for
2 h with 3% BSA and 2% horse serum (Sigma) in PBS-T and incu-
bated for 2 h at room temperature in primary serum anti-GFAP
(goat polyclonal C-19, 1/1,000, Santa Cruz Biotechnology Inc.) in
blocking solution. After three washes in PBS-T, the membranes
were incubated for 1 h at room temperature with horseradish per-
oxidase-conjugated secondary antisera (1/10,000 monkey anti-
goat; Sigma) in blocking solution. After three washes in PBS-T,
specific receptor bands were detected by chemiluminescence
(ECL™; Amersham Life Science) using a ChemiDoc XRS+ system
with Image Lab Software from Bio-Rad (Hercules, Calif., USA)
and then quantified by densitometry using digital image process-
ing by the NTH Image 1.6/ppc freeware program.

Statistical Analysis

For each set of values, the mean and standard error of the mean
were calculated and compared using one- or two-way analysis of
variance (ANOVA) with the statistical computer analysis system
GraphPad Prism. When ANOVA revealed statistical differences,
we applied the T statistical post hoc analysis. Differences between
means were considered significant at the p < 0.05 level.

Results

Effects of H or HI on Astrocyte and Macrophage

Activation in Brain and MBH-PO

In earlier work, we have shown that perinatal HI in-
duces glia activation in specific brain areas [33, 38] using
immunohistochemistry of GFAP (as a specific marker of
astrocytes, [39]) and of ED1 (an extensively used marker
for activated macrophages in the rat expressed in cytoplas-
mic granule membranes [40, 41]). Confirming our previ-
ous results, in the present work we also found a profuse
glial reaction on the brain areas directly affected by the
ischemia, such as the somatosensory cerebral cortex, the
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striatum and the hippocampus in the ipsilateral side to the
carotid ligature. At 30 days postlesion we detected strong
GFAP+ and ED1+ signals in the ipsilateral somatosensory
cortex (not shown). In the same trend, the brains of the H
animals showed an enhanced bilateral glial response due
to the global hypoxia (not shown). These responses were
observed within the first week after injury and persisted
throughout the postnatal developmental period.

In the hypothalamus, we did not observe the presence
of macrophages at any of the times studied in either ex-
perimental group (Hand HI). The presence of few GFAP+
reactive astrocytes in the MBH-PO was confirmed by
Western blot analysis, a more sensitive method that
showed significant increases in both injured groups (H
and HI) at 48 h and in the HI group at 7 days (fig. 1d-f),
while there were no significant differences between the
three groups at 30 days. These results show a transient
increase in the hypothalamic content of the intermediate
filament protein at early times after injury [39].

Effects of H or HI on MBH-PO Oxidative Stress

Markers and IGF System Proteins

We measured by RT-PCR the acute (at 48 h and 7 days
postinjury) and delayed (at 30 days, 8 and 18 months
postinjury) effects of H or HI on the expression of factors
related with responses to oxidative damage, such as iNOS
and nNOS and members of the IGF family. Most of the
mRNAs measured showed significant changes with time
(fig. 2, 3) and the effects of H or HI, appeared as expected,
mostly at early times (48 h or 7 days) after injury (two-
way ANOVAs, iNOS: Fine, 4, 71 = 44.97, p < 0.0001;
Flesions, 2, 71 = 1.523, p = 0.225; Fipteraction, 8,71 = 2.288, p =
0.0306; nNOS: Fyme 4 70 = 69.09, p < 0.0001; Fiesions 2. 70 =
0.4936, p = 0.6125; Fiyteraction, 8, 70 = 3.014, p = 0.0058; IGF-
I: Frime, 4, 0 = 7.448, p < 0.0001; Fiegions, 2, g0 = 2.206, p =
0.1178; Finteraction, 8, 60 = 3.100, p = 0.0048; IGF-IR:
Ftime, 4,60 = 47.38, p < 0.0001; Flesions, 2,60 = 2.576, p =
0.0834; Fineraction. 5, 69 = 0.9982, p = 0.4455; IGFBP-3:
Frime, 4. 70 = 12.57, p < 0.0001; Fiegions, 2, 70 = 0.08899, p =
0.9150; Finteraction, s, 70 = 3.854, p = 0.0010; IGFBP-5:
Ftime, 4,70 = 23.31, p < 0.0001; Flesions, 2,70 = 15.09, p <
0.0001; Finteraction, 8, 70 = 0.6899, p = 0.6988).

Thus, the mRNA abundance of iNOS and nNOS were
significantly decreased in MBH-PO 48 h after injury in
HI rats, while in H rats only nNOS was decreased (fig. 2).
There were no changes at later times, 7 days or 1, 8 and
18 months postinjury, with the exception of the HI group
at 30 days, in which nNOS was significantly increased
compared with the CR group. In CR rats we also found
significant decreases in nNOS expression at 30 days and
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Fig. 1. Astrocyte activation in MBH-PO in CR rats or rats exposed
perinatally to H or HI. Astrocyte activation was measured by GFAP
immunohistochemistry (a-c) and Western blot (d-f) at 48 h (West-
ern blot only), 7 and 30 days after injury in the MBH-PO. MBH-PO
GFAP+ reactive astrocytes in CR (a) and HI (b) rats 7 days after
injury. Only a few dispersed activated astrocytes were observed in

18 months when compared with 48 h, and the pattern was
similar in the H and HI groups. In contrast,INOS mRNA
was elevated significantly at 7 days in the CR group when
compared with the other times studied. Again, this pat-
tern was not altered by H or HI.

IGFBP-3 mRNA showed fluctuations with time in the
CR group, with increased values at 7 days (14 days of age)

VE Reverses Hypoxia-Ischemia Oxidative
Damage

both groups. Some HI animals showed GFAP+ activated astrocytes
in the III ventricle (¢). ARC = Arcuate nucleus; 3V = III ventricle;
NVM = ventromedial nucleus; EM = median eminence. Scale bar =
500 pum (a, b), 25 um (c). GFAP protein levels relative to -actin at
48 h (d), 7 days (e) or 30 days (f) after injury. * p < 0.05 versus CR
using one-way ANOVA and 1 post hoc test.

and 8 months. It was significantly increased in HI rats at
48 h, while at 7 days postinjury its mRNA abundance fell
in both groups (fig. 3). In contrast, IGFBP-5 mRNA
abundance in CR animals remained constant at all times,
with the exception of the 30-day group, where the values
were significantly diminished. H or HI induced a signifi-
cant increase in IGFBP-5 mRNA abundance 48 h after
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Fig. 2. nNOS and iNOS mRNA levels relative to p-actin in the
MBH-PO in CR rats or rats exposed perinatally to H or HI. NOS
mRNA levels were measured using RT-PCR on samples obtained
at 48 h, 7 and 30 days, and 8 and 18 months after injury. a Com-
posite of RT-PCR results showing representative CR and treated
rats (H and HI). b Semiquantitative analysis of the abundance of

injury, and the values were also significantly increased in
the HI group at 30 days after injury (fig. 3).

IGF-I mRNA abundance showed high values at PND
9 in the CR group and decreased significantly at the later
times studied. At 48 h postinjury, the HI group showed a
significant decrease, without changes at later times. IGF-
IR mRNA abundance increased gradually with age in the
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NOS isoforms relative to f-actin level. Values represent the mean +
SEM of groups of 6 rats. * p < 0.05 compared with the respective
CR group using two-way ANOVA and 1 post hoc test. Different
superscript letters represent significant differences at p < 0.05 be-
tween different times after the injuries within the same experimen-
tal groups.

CR group, becoming significantly different from the 48-
hour group at 8 months. There were no significant differ-
ences in the H and HI groups at any time when compared
with the respective CR groups, with the exception of the
HI group, which was significantly increased 30 days after
injury, suggesting an early increase of IGF-IR mRNA
abundance in this group (fig. 3).
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Fig. 3. IGF-I, IGF-IR, IGFBP-3 and
IGFBP-5 mRNA levels relative to f-actin in
the MBH-PO in CR rats or rats exposed
perinatally to H or HI. mRNA levels were
measured using RT-PCR on samples ob-
tained at 48 h, 7 and 30 days, and 8 and 18
months after injury. a Composite of RT-
PCR results showing representative CR
and treated rats (H and HI). b Semiquanti-
tative analysis of the mRNAs abundance
relative to P-actin level. Values represent
the mean + SEM of groups of 6 rats. * p <
0.05 compared with the respective CR
group using two-way ANOVA and T post
hoc test. Different superscript letters repre-
sent significant differences at p < 0.05 be-
tween different times after the injuries
within the same experimental groups.
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Fig.4.1GF-1, IGF-IR, IGFBP-3, IGFBP-5,iNOS and nNOS mRNA
levels relative to -actin in the MBH-PO in CR rats or rats exposed
perinatally to HI with VE (HI + VE) or without (CR, HI) previous
VE treatment. mRNA levels were measured using RT-PCR on
samples obtained 48 h after injury showing for each panel a com-
posite of RT-PCR results for representative CR and treated rats,

Effect of VE Treatment on mRNA Content iNOS and

nNOS and IGF-Related Proteins in the MBH-PO 48 h

after HI

Since we have already shown that the effects of H or HI
on reproductive senescence, hormone receptors and in-
flammation markers were similar [1], we only explored in
the HI group whether an antioxidant treatment with VE

Neuroendocrinology 2014;99:204-218
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212

and semiquantitative analysis of the mRNAs abundance relative to
B-actin level: IGF-I (a); IGF-IR (b); IGFBP-3 (c); IGFBP-5 (d);
iNOS (e) and nNOS (f). Bars represent the mean + SEM of groups
of 6 rats. * p < 0.05 versus CR; # p < 0.05 versus HI using one-way
ANOVA and 1 post hoc test.

delivered previous to HI is able to protect from the early
effects of the injury. Forty-eight hours after injury there
were no significant effects of VE on MBH-PO IGF-IR
(F3, 2, = 0.4158, p = 0.7436) and IGFBP-3 and 5, nor on
iNOS and nNOS mRNA content, measured by RT-PCR
(fig. 4). However, the fall in IGF-I (F; ,, = 4.425, p =
0.0169) and the increases in IGFBP-3 (F; , = 8.052, p =

Ezquer/Valdez/Seltzer/Jahn

Downloaded by

Freie Universitét Berlin

149.126.78.65 - 7/1/2015 5:22:47 PM



0.0017) and IGFBP-5 (F; 5, = 8.002, p = 0.0012) mRNA
were prevented by VE treatment (fig. 4a-d). VE treat-
ment also prevented the fall in iNOS (F; ,, = 8.832, p =
0.0007) and nNOS (F; »; = 6.292, p = 0.0038) expression
induced by HI (fig. 4e, f).

Effect of VE Treatment on Cycling and Reproductive

Senescence on CR and Injured Female Rats

CR rats showed regular 4-day cycles until approxi-
mately 7-8 months of age, when they started to show pro-
longed estrous phases of variable length. As previously
described [1], HI rats had a significantly premature onset
of prolonged estrus phases, which occurred at 4-5 months
of age (fig. 5a), and a marked decrease in the percentage
of regular cycling rats from the 4th month of age. VE
treatment to CR and HI rats did not significantly modify
the regularity of the estrous cycles of the rats or the onset
ofthe prolonged estrus phase in any of the groups (fig. 5a).

However, HI, VE treatment or the combination of
both (HI + VE) diminished significantly the preovu-
latory surge of LH measured at 19.00 h on proestrus
(two-way ANOVA: Fypne 3 116 = 40.52, p < 0.0001;
Fireatments (VE, HI), 3,116 = 6.202, p = 0.0006; Finteraction, 9,116 =
4.893, p < 0.0001; fig. 5b). FSH values increased signifi-
cantly in all groups between 12 and 19 h on proestrus, and
although there was a tendency for all the VE groups to
have higher values than the corresponding untreated
groups, and a significant F value for treatments, there
were no significant differences at any individual time
among any of the groups (two-way ANOVA: Fyje 3 114 =
10.66, p < 0.0001; Fyyeatments (VE, 1), 3, 114 = 4.917, p = 0.0030;
Finteraction, 9,114 = 0.5339, P= 0.8472; ﬁg 5b)

Effect of VE Treatment on mRNA Content of

Hormone Receptors in the MBH-PO 48 h after Injury

As previously described [1], the HI episode signifi-
cantly diminished MBH-PO content of mRNAs of ERf
(F3, 2 = 5.105, p = 0.0106) and ORyt (F3, », = 5.742, p =
0.0057), measured by RT-PCR, without affecting ERa
(F3’ 2= 2.003, pP= 01496) or total PR (F3, 2= 1.015, pP=
0.4092) contents. VE treatment significantly diminished
ERP mRNA content without affecting the other receptor
mRNAs measured in CR rats (fig. 6), nor were there any
significant differences between the HI and HI + VE
groups (fig. 6), suggesting that the antioxidant treatment
was unable to prevent the effects of HI. Thus, although
the VE treatment was effective in attenuating some indi-
cators of HI oxidative damage and the rise of inflamma-
tion markers, it was unable to reduce the effects of HI on
reproductive senescence.

VE Reverses Hypoxia-Ischemia Oxidative
Damage

Discussion

In the present work we have shown that in the MBH-
PO, neonatal H or HI episodes induce early changes in
the expression of molecules such as NOS and the IGF
family that are involved in neuroendocrine regulation of
reproductive functions and have been implicated in re-
productive aging. Antioxidant treatment with VE was
able to prevent these effects in the HI animals, but this
treatment was unable to prevent the early reproductive
senescence induced by both types of injury, indicating
that oxidative damage in the MBH-PO during the neona-
tal period may not be a major cause of the premature on-
set of reproductive senescence.

Although the function of reactive astrocytes in neuro-
protection or recovery of the central nervous system from
an injury is not fully understood, it has been established
that activated glia is not necessarily indicative of oxidative
stress. It is also known that in this particular model of HI,
activated glia plays a protective role forming a scar around
the core of the ischemic lesion in order to avoid further
damage in the penumbra, preventing a further spreading
of the death wave to other regions of the brain [42, 43].
This may be the case of the hypothalamus, which may be
protected by these and other mechanisms that safeguard
normal neuroendocrine responses and the reproductive
function. The lack of presence of macrophages in the
MBH-PO confirms that major cell damage has not oc-
curred in this hypothalamic area, and that the detected
changes at the molecular level did not cause massive cell
death in this region.

NO stimulates hypothalamic GnRH release [44-46].
High levels of ROS and peroxynitrites have been found in
the aged brain [47] and are also associated with reproduc-
tive senescence [46, 48]. The increase in central nervous
system NO production may be due mainly to nNOS acti-
vation, although in some hypothalamic regions, such as
preoptic area and paraventricular nucleus, increases of
iNOS induced by aging have also been found [46, 48]. In
contrast, we found decreases in iNOS and nNOS mRNA
content in the MBH-PO only 48 h after injury, with no
turther changes later on. Additionally, we observed that
VE was able to prevent the temporary depletion of the
synthases mRNA, indicating a positive effect of the anti-
oxidant on NOS expression. We also found early changes
in the expression of members of the IGF family, in par-
ticular a fall in IGF-I expression in the HI group 48 h after
injury, a critical period associated with substantial neuro-
genesis, synaptogenesis and sex differentiation in the ro-
dent brain [27, 49]. Since IGF-I is a potent neurotrophic
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Fig. 5. Effect of perinatal exposure to HI on cyclicity and circulat-
ing LH and FSH levels in rats with VE (HI + VE) or without (CR,
HI) previous VE treatment. a The percentage of rats showing nor-
mal cycles, persistent estrus or persistent diestrus between 3 and
16 months of age of groups of 10-15 rats. b Circulating LH and
FSH levels determined by RIA. To determine the pattern of hor-
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monal secretion during the cycle, rats of each experimental group
or CR animals were bled by the tail vein at 12.00 and 19.00 h on
proestrus (P) and estrus (E) at 3 months of age. Values represent
the means = SEM of groups of 8-10 rats. * p < 0.05 compared with
the CR group; * p < 0.05 compared with proestrus at 12 h using
two-way ANOVA and 7 post hoc test.
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ORyp (d) mRNA levels were measured using RT-PCR on samples
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factor during development [50] and a mediator of synap-
tic plasticity [51], this fall may lead to disruption in the
normal development of hypothalamic areas. Between
PND 5 and 10, hypothalamic expression of IGF-I is asso-
ciated with the establishment of the GnRH system, thus,
pathological changes in IGF-I production at this time
may have long-term reproductive consequences [26, 27].
We also found a significant increase in IGF-IR expression
at 30 days postinjury, an important period for reproduc-
tive function regulation since it is near puberty and a mo-
ment of synaptic consolidation [52]. Thus, these altera-

VE Reverses Hypoxia-Ischemia Oxidative
Damage

PCR results with representative CR and treated rats and the semi-
quantitative analysis of the mRNA abundances of PR relative to
B-actin level. Values represent the mean + SEM of groups of 6 rats.
* p < 0.05 compared with the CR group using one-way ANOVA
and Bonferroni post hoc test.

tions in the IGF system may be related to abnormal re-
sponses, since altered brain IGFBP expression has been
associated with reproductive dysfunction [53].

Free radical-mediated toxicity has been involved in
the reperfusion inflammatory injury produced after HI
[8], and increased ROS production has been implicated
in normal aging processes [54]. Thus, administration of
VE before HI attenuates lipid peroxidation produced
during reperfusion [9, 55], and in rats subjected to a VE-
deficient diet the exposure to Hl increases lipid peroxida-
tion [56].
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However, although VE treatment was able to revert the
changes produced by perinatal HI on trophic factors (IGF-
I and IGFBPs) and oxidative damage (nNOS and iNOS),
most possibly through its action as an ROS scavenger, it
was incapable of reverting the premature onset of constant
estrus, or the changes observed in hormone receptors such
as ERP and ORp. A possible explanation for this finding
may be that the administration regime used may have been
incapable of providing sufficient protection to prevent pre-
mature reproductive senescence. Alternatively, VE may
not be able to antagonize all the mechanisms activated by
HI; for example, ROS damage in the presence of normal
concentrations of glutamate (in normoxic or slightly hy-
poxic situations) can be attenuated by free radical scaven-
gers such as VE [57], but more serious damage may involve
the activation of additional cell survival strategies.

Interactions between estrogens and the IGF-I system
have been well documented in brain areas related to re-
production, among them the hypothalamus. Thus, estro-
gens can regulate the expression at mRNA and protein
levels of IGF-I, IGFBPs and IGF-IR; inversely, IGF-I can
modulate the expression and function of ERs [27]. In par-
ticular, the interaction between estrogens and IGF-I par-
ticipates in the plastic changes in synaptic connections
and glial-neuronal contacts observed during puberty and
through the estrous cycle [27]. HI produced early chang-
es in the expression of ERP and various members of the
IGF family, which may be related to premature reproduc-
tive senescence; however, although VE treatment was
able to revert in part the changes observed in IGF-I and
completely the changes observed in IGFBP-3 and 5, it did
not modify the fall on ERP expression produced by HI,
and lowered ERP expression by itself, indicating that HI-
induced premature reproductive senescence may not be
related to early changes in ER expression, and that the fall
in ERP may not be mediated by the IGF-I system. During
development, the hormone-receptor interactions pro-
duce neuronal imprinting that influences the future in-
teraction between hormones and their receptors and,
therefore, the neuronal responses. Abnormal interactions
with molecules that can bind to the receptors with high
affinity may result in abnormal imprinting, which may
alter the binding capacity of the receptors and their re-
sponses [58, 59]. VE has been shown to have this type of
interaction with steroid hormone receptors [60, 61],
which may be the cause of the decreased ERp expression.

The neonatal VE treatment resulted in reduced pre-
ovulatory LH release at 19.00 h on proestrus in adult rats
(fig. 5) and in reduced ERP expression in neonatal rats
(fig. 6). We cannot exclude that the neonatal VE treat-
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ment may have produced slight alterations in the timing
of the preovulatory peaks, resulting in reduced levels at
19.00 h, but in an adequate preovulatory peak. VE has
been shown to bind selectively to ERp in mammary can-
cer cell lines and act as a very weak agonist [62]. VE can
also stimulate hypothalamic GnRH release [63], is needed
for normal gonadal function and gonadotropin secretion
in adult rodents [64, 65], and can protect from the repro-
ductive endocrine toxicity produced by some environ-
mental contaminants [66, 67].

ERP and ER-related proteins colocalize with GnRH
in hypothalamic neurons in mice and rats [68], and have
been shown to mediate the firing, cAMP production,
galanin (a potent GnRH releaser) expression and GnRH
release of these neurons [69-71]. Thus, any effect of VE
on neonatal expression of ERB, during a moment of mat-
uration of these structures, may well affect the future
function of these neurons and the regulation of the pre-
ovulatory LH surges. However, VE treatment did not af-
fect cyclicity and fertility, indicating that the amount of
LH released during the preovulatory peak was sufficient
to ensure ovulation and that the early reduction in ERf
expression is not sufficient to modify fertility or the span
of the reproductive stage in female rats.

In conclusion, perinatal H or HI induces an altered
expression of factors, such as iNOS and nNOS and mem-
bers of the IGF-I family that play roles in the regulation
of estrous cycle periodicity and GnRH secretion. These
alterations are most probably mediated by ROS produced
during and after the hypoxic episode, since the antioxi-
dant effect of the treatment with VE prevented the chang-
es on mRNA expression of IGF-I, IGFBP-3 and IGFBP-5,
iNOS and nNOS induced by HI. However, the reproduc-
tive alterations and the changes in steroid hormone and
opioid receptors produced by HI were not prevented by
treatment with the antioxidant. On the other hand, the
changes in the expression of ERB and ORy that were not
prevented by VE may be most likely associated with the
premature onset of reproductive cycle irregularities.
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