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Abstract
Hypoxia-ischemia is relatively common in human infants. Hypoxia-ischemia can occur as a result
of complications associated with prematurity or birth, frequently leading to altered brain development
and cognitive and behavioral deficits that persist throughout life. Despite the relative frequency of
neonatal hypoxic ischemic encephalopathy, the immature brain sustains relatively less damage than
an adult who experiences a similar crisis of oxygen and nutrient deprivation. Therefore, factors may
be present that protect the developing brain. During late gestation, the infant brain encounters high
levels of the steroid hormone 17β-estradiol. This observation, combined with evidence supporting
17β-estradiol as a neuroprotective agent, led us to hypothesize that increasing the basal level of
17β-estradiol would reduce the amount of hypoxia-ischemia induced injury to the neonatal brain. To
test that hypothesis we administered 17β-estradiol using either a repeated dosing paradigm or a single
dose paradigm to immature male and female rats. Here we show that the repeated dosing paradigm
(three doses of 17β-estradiol) provided approximately 70% protection of the hippocampus, basal
ganglia, and amygdala. By contrast, a single administration of 17β-estradiol 24 hours prior to
hypoxia-ischemia conferred little protection. The only exception was the pyramidal layer of the
female hippocampus, which was modestly protected (16% reduction in damage). The protection
afforded by the multiple administrations of 17β-estradiol was similar for females and males, with
the only exception being the male amygdala, which displayed less damage than the female amgydala.
We conclude that 17β-estradiol acts as a potent neuroprotective agent against hypoxia-ischemia
induced damage to the developing brain, and that pretreating infants at risk for hypoxic ischemic
injury may be advisable.

Introduction
Hypoxia, or a lack of oxygen, and the accompanying reduced blood flow, called ischemia, can
impair brain function over the entire lifespan (Andine et al., 1990; Nyakas et al., 1996).
Pioneering work by Vanucci and others has demonstrated that similar to human infants, the
young (postnatal day 6) rat is susceptible to hypoxic-ischemic brain injury (Rice et al., 1981;
Vanucci et al., 1993; Vanucci, 1993). And although a topic of debate, the developmental stage
of the postnatal day 6–14 rat is considered to be equivalent to that of the newborn human infant
(Dobbing and Sands, 1979; Romijn et al., 1991; Clancy et al., 2007). Using the technique of
carotid artery ligation (modified from Levine, 1960), combined with a period of hypoxia,
Vanucci and others have demonstrated profound pathological impairments in the hippocampus,
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basal ganglia and cerebral cortex in the ipsilateral hemisphere (Rice et al., 1981; Andine et al.,
1990; Vanucci et al., 1993). The extent of damage is proportional to the duration of hypoxia
(Nyakas et al., 1996). Much data has shown that hypoxia-ischemia induced in young rats
produces anatomical and behavioral deficits similar to those observed in asphyxiated newborn
humans (Vanucci, 1990; Simon, 1999). Intriguingly, while the immature mammal is
susceptible to/readily encounters hypoxia-ischemia, the repercussions of injury are less severe
than in adulthood. This leads us to speculate if some factor or group of factors in the developing
brain buffer the extent of damage.

As mentioned above, many infants experience one or more hypoxic ischemic insult, yet have
only moderate brain damage or behavioral problems. To produce significant brain damage in
neonates, immature mice are typically exposed to a combination of hypoxia and ischemia for
70 minutes (Brazel et al., 2004). In contrast, to produce a similar extent of injury in the adult
brain, adult mice are exposed to less than 25 minutes of hypoxia and ischemia (Basu et al.,
2002). The fact that a longer insult is required to induce damage to the immature rodent
indicates that the immature brain is relatively less vulnerable than the adult brain to hypoxia-
ischemia. Of potential interest is that during late gestation, the infant brain encounters high
levels of steroid hormones including 17β-estradiol, testosterone and progesterone.

Around the time of birth in both rat and human infants, circulating steroid hormone levels (i.e.
testosterone, estradiol, and progesterone) are elevated, comparable to levels in adulthood
(Warne et al., 1977; Forest, 1979; Weisz and Ward, 1980; Corbier et al., 1992; Knickmeyer
and Baron-Cohen, 2006). Levels of testosterone and estradiol are elevated from embryonic day
17 though embryonic day 21 in rats, with another surge in hormone levels occurring
immediately after birth. Elevated levels persist through the first postnatal week of life in rats
(Dohler and Wuttke, 1974; Forest, 1979; Weisz and Ward, 1980; Corbier et al., 1992). In
humans, testosterone biosynthesis begins around gestational week 9, with elevated levels of
both testosterone and estradiol (due to aromatization from testosterone) persisting through
gestational week 24 (Warne et al., 1977; Knickmeyer and Baron-Cohen, 2006). Levels increase
again around the time of birth, with levels slowly dropping over the first three postnatal months
(Forest, 1979). Progesterone levels in rats and humans are elevated prior to birth, dropping
precipitously at birth (Warne et al., 1977; Forest, 1979). Testosterone and 17β-estradiol levels
are relatively equivalent between immature rats and humans (Forest, 1979; Corbier et al.,
1992), however sex differences exist in testosterone production (males>females) (Warne et
al., 1977; Forest, 1979; Corbier et al., 1992; Knickmeyer and Baron-Cohen, 2006). The
developmental production of steroid hormones (i.e. testosterone, progesterone and estradiol),
comes from four distinct sources: 1) originating from the fetus, produced by the gonads or
adrenal glands (Gerall et al., 1991), 2) originating from the mother, produced by her gonads
and the placenta (Weisz and Ward, 1980), 3) locally converted from a biochemical precursor
via the activity of an enzyme such as neuronal aromatase within rat pups (George and Ojeda,
1982), and 4) de novo synthesis in rat pups (Amateau et al., 2004).

The steroid hormones 17β-estradiol and progesterone are potent neuroprotective agents. 17β-
estradiol attenuates injury due to stroke (Toung et al., 1998; Green et al., 2001), seizures
(Veliskova et al., 2000), oxygen-glucose deprivation (Harms et al., 2001) and oxidative stress
(Mize et al., 2003) in the adult central nervous system (CNS). Protection occurs via receptor-
dependent and receptor-independent mechanisms including increasing levels of Bcl-2 (Singer
et al., 1998; Dubal et al., 1999; Stoltzner et al., 2001; Zhao et al., 2004), decreasing the
production of reactive oxygen species and enhanced uptake of free radicals (Prokai et al.,
2003), attenuation of calcium currents (Huang et al., 2004; Hilton et al., 2006), and activation
of survival-promoting signal transduction cascades (Linford et al., 2000; Jover et al., 2002).
In contrast, little is known regarding the neuroprotective action of 17β-estradiol in the
developing CNS. A recent study by McCarthy and colleagues documented that 17β-estradiol
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attenuated glutamate-mediated damage via decreasing mGluR1 protein levels, with a
concomitant decrease in intracellular calcium (Hilton et al., 2006). While our knowledge of
the developmental actions of progesterone is incomplete (Golub et al., 2006), there is a growing
body of literature on the neuroprotective potential of progesterone (for a review, see Stein et
al., 2007). In the adult, progesterone protects against traumatic brain injury, stroke and oxygen-
glucose deprivation (Ardeshiri et al., 2006; Cutler et al., 2006). One potential mechanism of
action is via activation of the GABAA receptor by the progesterone metabolite
allopregnanolone (Ardeshiri et al., 2006).

Given that the immature brain is less vulnerable to hypoxia-ischemia and also experiences high
levels of the steroid hormone estradiol, we hypothesized that elevating the levels of 17β-
estradiol to slightly higher than physiologic circulating concentrations would render the
immature brain even less vulnerable to hypoxia-ischemia induced injury. The experiments that
we report herein were designed to test that hypothesis.

Materials and Methods
Perinatal Hypoxia Ischemia Model

Timed Pregnant Wistar rats were purchased from Charles River Laboratories (Charles River,
Wilmington, DE). Animals were housed in individual cages and fed standard lab chow. After
normal delivery, the litter size was adjusted to 12 pups per litter. Cerebral hypoxia-ischemia
(H/I) was produced in male and female 6-day-old rats (day of birth being postnatal day 0).
Briefly, pups were anesthetized with isoflurane (4% induction, 2% maintenance). Once
anesthetized, a midline neck incision was made and the right common carotid artery (CCA)
was identified. The CCA was separated from the vagus nerve and then cauterized. Animals
were returned to the dam for 1.5 hours. The pups were then pre-warmed in jars for 20 minutes
in a 37° C water bath and then exposed to systemic 8% 02 balance N2 gas (humidified) at 37°
C for 90 minutes. After hypoxia the pups were returned to their dam for a recovery period of
7 days, at which time they were deeply anesthetized with pentobarbital and sacrificed by
intracardiac perfusion. This protocol has been optimized such that only two animals (both
females) died following hypoxia-ischemia. All experimental animal procedures were approved
by the UMDNJ IACUC Committee. The animal experimentation in this paper was in
accordance with the Society for Neuroscience’s policy on the appropriate use of animals for
neuroscience research. The authors also certify that all experiments on animals were carried
out in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication 80–23, rev. 1996). The authors further attest that all
efforts were made to minimize the number of animals used and their suffering.

Hormone Manipulation
One group of animals received 17β-estradiol (50 μg/0.05 ml dissolved in sesame oil)
administered IP on postnatal days (PN) 1, 3 and 5, with H/I performed on day 6 (repeated
estradiol). Initial body weights were not statistically significant between the groups, therefore
a fixed concentration was administered. Another group of pups received the same dose of
17β-estradiol on PN 5 only (single dose estradiol). Administration of the 50μg dose of 17β-
estradiol on postnatal day one and two has previously been shown to elevate hippocampal
tissue levels of estradiol (when collected on postnatal day two) to 53.5% greater than vehicle
treated animals at the same time point. The estradiol concentration on postnatal day two is only
32% higher than the peak hippocampal tissue levels of estradiol observed on postnatal day one
(Amateau et al., 2004). Vehicle treated animals received a 0.05ml injection of sesame oil (n=5
total for all groups).
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Histology
Animals were perfusion fixed with 4% paraformaldehyde in 0.1M phosphate buffer. Brains
were removed and immersion fixed in the same fixative overnight at 4° C. The brains were
then blocked and prepared for paraffin embedding using standard methods. Coronal sections
were cut through the entire brain at 6 μm and mounted onto coated slides prior to staining for
cresyl violet.

Stereology
The anterior to posterior extent of four brain regions: 1) hippocampus, 2) dentate gyrus, 3)
basal ganglia and 4) amygdala were measured for each animal. The anterior-most tissue section
containing the hippocampus, dentate gyrus, basal ganglia or amygdala was noted as section
0H, section 0D, section 0B or section 0A, respectively. The first section that underwent
volumetric analysis using the Cavalieri estimator was a randomly chosen tissue section that
was within 30μm (five tissue sections) of the anterior-most tissue section (section 0H, 0D, 0B
or 0A) containing the particular brain region of interest. Each subsequent tissue section that
underwent volumetric analysis was exactly 120μm (twenty tissue sections) from the previously
analyzed tissue section. The last tissue section selected for volumetric analysis was the last
plane in which the particular region of interest was present, with a total of 8 to 10 tissue sections
analyzed / animal. Cavalieri estimation was performed using the 4X objective and 75μm grid
spacing for the hippocampus, dentate gyrus and basal ganglia, and the 2X objective and
150μm grid spacing for the amygdala. The Stereo Investigator program package
(MicrobrightField version 6.01, Colchester, VT) was used to convert the volume of each tissue
plane (tissue thickness multiplied by the surface area, as estimated using the Cavalieri method),
to a total volume of a particular brain region by summing the areas across all tissue planes
investigated (8–10 total), and through the entire depth of the tissue planes sampled (between
1500 and 1920μm).

Statistical Analysis
Two way analysis of variance (sex, treatment) was performed using the Systat program package
(version 11.0, Richmond, CA) on hippocampal, dentate gyrus, basal ganglia and amygdala
volume, followed by the post-hoc Tukey’s test (p<0.05 to obtain significance).

Results
Ammon’s Horn of the Hippocampus

There was a significant main effect of treatment (F2,24=156.67, p<0.0001), and a treatment by
sex interaction (F2,24=4.027, p<0.035) on the volume of Ammon’s Horn (Figure 1A). Perinatal
hypoxia-ischemia (H/I) led to an 85–89% reduction in hippocampal volume in young animals,
with no difference between the sexes in the magnitude of injury. In both males and females,
repeated treatment (three administrations) with physiologic levels of 17β-estradiol resulted in
significant attenuation of damage – a 72.93% reduction in males, and a 63.32% reduction in
females as compared to their same-sex vehicle treated counterparts (Tukey’s, p<0.001 for each
measure) (Figure 2A–D). While a single administration of 17β-estradiol had no effect on H/I-
induced damage to male pyramidal neurons, there was a significant measure of protection
(15.85%) of female pyramidal neurons afforded by a single administration of 17β-estradiol
(Tukey’s, p<0.05).

Dentate Gyrus
There was a significant main effect of treatment (F2,24=240.079, p<0.0001) on dentate granule
cell layer volume (Figure 1B). Perinatal H/I reduced dentate granule cell volume by 84–86%,
with no sex difference in the magnitude of injury. As in the ammon’s horn, both males and
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females who received the repeated 17β-estradiol treatment regiment showed attenuated
damage – a 70.56% reduction in males, and a 65.75% reduction in females when compared to
their same-sex vehicle treated counterparts (Tukey’s, p<0.001 for each measure) (Figure 2A–
D). A one-time pretreatment with 17β-estradiol had no effect on H/I-induced damage to the
male and female dentate gyrus.

Basal Ganglia
There was a significant main effect of treatment (F2,24=27.577, p<0.0001) on the volume of
the basal ganglia (Figure 3A). There was a 71–78% reduction in basal ganglia volume following
H/I in young animals, with no difference between the sexes in the magnitude of injury. Males
and females who were repeatedly administered 17β-estradiol prior to H/I displayed
significantly attenuated damage – a 43.89% reduction (as compared to vehicle treated animals)
in males, and a 37.60% reduction (as compared to vehicle treated animals) in females (Tukey’s,
p<0.001 for each measure). The single dose administration of 17β-estradiol had no effect on
H/I-induced damage to the male and female basal ganglia.

Amygdala
There was a significant main effect of treatment (F2,24=90.556, p<0.0001), sex (F1,24=183.956,
p<0.0001), and a treatment by sex interaction (F2,24=22.267, p<0.0001) on volume of the
amygdala (Figure 3B). H/I differentially affected the male and female amygdala, resulting in
a 77.70% reduction in male amygdala volume, as compared to a 30.76% reduction in female
amygdala volume (Tukey’s, p<0.01) (Figure 4A–C). In both males and females, repeated
treatment with 17β-estradiol significantly attenuated amygdala damage – a 56.17% reduction
in males, and a 22.44% reduction in females (Tukey’s, p<0.001 for each measure). Consistent
with the basal ganglia and dentate gyrus, a single pretreatment with 17β-estradiol had no effect
on H/I-induced damage to the amygdala in both males and females.

Discussion
Hypoxia-ischemia is relatively common in full term human infants, occurring in approximately
4 every 1000 births. The incidence of hypoxia-ischemia is increased dramatically to 50% in
prematurely born human infants (Billards et al., 2006; Jensen, 2006). Given the pervasiveness
of hypoxia-ischemia in human infants, and the persistence of deficits caused by hypoxia-
ischemia throughout the lifespan, it is surprising that relatively few pharmacologic methods of
neuroprotection are available for infants. Here we investigated the effectiveness of 17β-
estradiol, an endogenously produced steroid hormone whose levels are naturally elevated
during late gestation, on hypoxia-ischemia (H/I) induced injury to the developing male and
female rat brain. The neuroprotective action of 17β-estradiol has been documented in the adult
and aged animal against stroke and H/I-induced injury. Data have illustrated that at physiologic
levels, 17β-estradiol protects the mature nervous system (Wise et al., 2001). However, 17β-
estradiol should not be considered a panacea – there is much controversy regarding the effects
of differing doses and treatment schedules of 17β-estradiol, with these controversies leading
to the need for further investigation (Chen et al., 2006; De Butte-Smith et al., 2007).

The results of the present study support the conclusion that an extended period of high
physiological levels of 17β-estradiol protects against H/I-induced damage to the hippocampal
formation (including Ammons horn and the dentate gyrus), basal ganglia and amygdala in
neonatal male and female rats. By the end of the first postnatal week in rats (when H/I was
administered), estradiol levels are naturally waning (Dohler and Wuttke, 1974; Weisz and
Ward, 1980). Similarly, following birth, estradiol levels in humans are dropping (Forest,
1979; Corbier et al., 1992). Therefore, the treatment regiment used in the present study may
be applicable not only to other animal models of postnatal brain injury, but may also be
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appropriate for human infants at risk for traumatic events such as H/I. The paradigm of 50μg
17β-estradiol treatment every other day ensures maintained elevated estradiol levels that are
in the high physiologic range (Nuñez and McCarthy, 2003; Amateau et al., 2004). However
promising, much more research is needed prior to taking this lab bench research to the bedside.

17β-estradiol has been demonstrated to confer neuroprotection via genomic and non-genomic
mechanisms (Culmsee et al., 1999; Dubal et al., 1999; Linford et al., 2000; Jover et al, 2002;
Zhao et al., 2005). The non-genomic mechanisms include reduction in calcium influx and
decreases in the production of reactive oxygen species and other free radicals (Chen et al.,
1998; Culmsee et al., 1999). These events are unaffected by treatment with the estrogen
receptor antagonists tamoxifen or ICI 182,780. An alternative manner of neuroprotection
involving the non-genomic actions of estradiol, yet dependent upon the binding of estrogen to
the estrogen receptor (occuring within the cytosol – prior to translocation into the nucleus),
involves an increase in ERK1/2 phosphorylation, activation of p42/44 MAP kinase, tyrosine
kinase, protein kinase A and PI-3 kinase cascades, along with attenuation of caspase-3
activation (Bi et al., 2000; Linford et al., 2000). All of the receptor-independent, non-genomic
neuroprotective effects of estradiol are rapid – occurring within minutes to hours of estradiol
exposure (Fugger et al., 2001; Marin et al., 2005; Balthazart et al., 2006). While in vitro models
of injury allow for the use of selective estrogen receptor antagonists (Heyer et al., 2005), the
majority of pharmacologic mechanisms for distinguishing between genomic and non-genomic
mechanisms of neuroprotection in vivo are fraught with complications as a consequence of the
lack of selective estrogen receptor antagonists (Musa et al., 2007; Zhang et al., 2007). A
relatively short (less than 24 hour pretreatment), administration paradigm is thought to activate
the rapid, non-genomic actions of 17β-estradiol, while multiple administrations of 17β-
estradiol over a series of days initiate the long term, genomic actions of 17β-estradiol. We saw
a dramatic difference in outcome between the acute (single administration) and longer term
(repeated) 17β-estradiol treatment paradigms. Also, with the exception of the female
hippocampus, the single administration of 17β-estradiol was without effect on H/I-induced
damage.

The repeated administration of 17β-estradiol reduced damage by approximately 70% in all
brain regions examined and in across both sexes. While the potential exists that the differential
effects of single versus repeated administration are the result of a threshold effect (a certain
concentration of 17β-estradiol is required for action, which is only attained by the long term
administration paradigm), we hypothesize that the genomic actions of 17β-estradiol are
responsible for neuroprotection against H/I-induced injury. The genomic effects of 17β-
estradiol are important in increasing Bcl-2, BDNF and p75 neurotrophin receptor expression,
along with decreasing ischemia and stroke-induced cellular damage in adulthood (Toung et
al., 1998; Dubal et al., 1999; Jover et al, 2002). These events are less rapid, occurring within
days (Abraham and Herbison, 2005). Thus, the protective effects of 17β-estradiol are multi-
faceted: in adult models of brain injury, 17β-estradiol can confer a fast acting, non-genomic,
receptor-independent means of neuroprotection by activating survival-promoting cascades and
buffering the changes in intracellular pH. 17β-estradiol can also activate a longer term,
genomic, receptor-dependent mechanisms which inhibit apoptosis. Given the implication that
17β-estradiol is protective against neonatal H/I via genomic mechanisms, future work using
selective estrogen receptor antagonists, estrogens that have little binding affinity for the
estrogen receptor, and selective estrogen receptor α and β agonists need to be employed.

Sex differences exist in basic anatomical parameters and physiologic properties that may
differentially predispose one sex versus the other to brain injury (Arnold and Gorski, 1984).
As mentioned previously, developing male and female brains are exposed to elevated levels
of steroid hormones, including estradiol and testosterone (Weisz and Ward, 1980; Gerall et al.,
1991). Males encounter higher circulating levels of both testosterone and estradiol than females
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(Weisz and Ward, 1980). Also, estrogen receptor (predominantly the α isoform)
immunoreactive neurons and protein are present in the developing hippocampus and basal
ganglia by postnatal day 3–4, and the amygdala by postnatal day one (Yokosuka et al., 1997;
Solum and Handa, 2001; Perez et al., 2003). However, there has been little systematic research
investigating sex differences in estrogen receptor presence or binding in these regions of the
developing brain. It is hypothesized that the sex differences in physiology and neuroendocrine
milieu may play a role in the response to traumatic events (Nuñez and McCarthy, 2003; Nuñez
et al., 2005). There is a growing body of literature showing that males are more sensitive to
deleterious events that may affect the developing brain than females (Hall et al., 1991;
Lauterbach et al., 2001; Yager et al., 2005). In the current investigation, we documented sex
differences on the response to H/I-induced injury. We observed no sex differences in the
magnitude of H/I-induced damage in both the hippocampal formation and basal ganglia.
However, we did observe a significant effect of sex on H/I-induced damage to the amygdala,
with the amygdala of males sustaining a greater magnitude of damage than the amygdala of
females.

Differences exist between brain regions in response to the deleterious effects of H/I. These
differences extend to the subregional level, with findings of differential effects among the
subfields of the hippocampus in response to H/I and excitotoxicity (Mattson et al., 1989; Xu
et al., 2001). In males, we documented equal sensitivity amongst all the brain regions
investigated to H/I-induced damage. While damage was greatest in the pyramidal cells of the
hippocampus and dentate gyrus (90% loss of volume), it was less in the basal ganglia and
amygdala (80% loss of volume). In females, the amygdala was markedly less sensitive to H/
I-induced damage than all other regions – we documented a reduction in volume of 85% in the
hippocampus and dentate gyrus, 70% in the basal ganglia, and strikingly, only 35% in the
amygdala. Further research is needed to understand the natural resistance of the female
amygdala to H/I-induced injury.

While repeated 17β-estradiol administration protected the hippocampus, amygdala and basal
ganglia from structural damage following neonatal H/I, further investigation is required to
document the extent of functional protection. Also, the protected cells may be permanently
altered such that their electrophysiological responses may be different from those in normal
animals. Future work from this lab will address these two issues, particularly as they related
to hippocampal function.

This study highlights the neuroprotective potential of 17β-estradiol in a model of H/I-induced
brain injury. Both males and females displayed significantly attenuated damage in the
hippocampus, basal ganglia and amygdala following pretreatment with 17β-estradiol.
Protection from the damaging effects of H/I appears to require repeated, long term
administration. In contrast, there was little to no protection afforded by a single administration
of 17β-estradiol 24 hours prior to H/I. These data indicate that administering 17β-estradiol to
premature infants who are at risk for H/I is advisable. However, caution is warranted as work
from our lab has also shown that 17β-estradiol may exacerbate developmental injuries with
underlying GABAA receptor involvement. These include fetal alcohol syndrome and seizures
(Dzhala et al., 2005; Galindo et al., 2005; Khalilov et al., 2005; Young et al., 2005). While
17β-estradiol exerts substantial neuroprotection from hypoxia/ischemia, the benefit it confers
may be dependent upon the type of injury and the age of the infant.
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Figure 1.
Chronic pretreatment with physiologic levels of 17β-estradiol protects the neonatal
hippocampus from the damaging effects of perinatal hypoxia/ischemia. A) Ammons horn and,
B) dentate gyri of P13 male and female rats. 17β-estradiol (50μg) was administered on postnatal
days 1, 3 and 5, with H/I occurring on postnatal day 6 (postnatal day 0 is the day of birth). Data
represent the mean decrement in volume as compared to the unaffected hemisphere ± SEM
values, obtained from five animals in each group. * indicates significant difference from vehicle
treated and single dose 17β-estradiol treated animals of the same sex (Tukey’s, p<0.01). #
indicates significant difference from vehicle treated animals of the same sex (Tukey’s, p<0.05).
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Figure 2.
Repeated 17β-estradiol protects the forebrain of both sexes from H/I. animals.
Photomicrographs of cresyl violet stained brains illustrate effects of perinatal H/I on the
neocortex, Ammon’s horn and dentate gyrus of the hippocampus. A) vehicle treated males, B)
chronic 17β-estradiol treated males, C) vehicle treated females and D) chronic 17β-estradiol
treated females. In all photomicrographs, the H/I hemisphere is the right hemisphere. Scale bar
= 500μm.
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Figure 3.
Chronic pretreatment with physiologic levels of 17β-estradiol protects the basal ganglia and
amygdala from the damaging effects of perinatal hypoxia/ischemia in the A) basal ganglia and
B) amygdala of young male and female rats. Data represent the mean decrement in volume as
compared to the unaffected hemisphere ± SEM values, obtained from five animals in each
group. * indicates significant difference from vehicle treated and single dose 17β-estradiol
treated animals of the same sex (Tukey’s, p<0.01). @ indicates significant difference from
vehicle treated animals of the opposite sex (Tukey’s, p<0.01).
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Figure 4.
Severe extent of amygdalar damage in vehicle treated animals of both sexes, along with the
attenuation of deficits in the chronic 17β-estradiol pretreated animals. Photomicrographs of
cresyl violet staining illustrate the effects of perinatal H/I on the neocortex and amygdaloid
region of A) vehicle treated males, B) vehicle treated females and C) chronic 17β-estradiol
treated females. Scale bar = 500μm.
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