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Abstract
One of the most critical times in the human lifespan is the late embryonic/early postnatal period, due
to the careful orchestration of numerous events leading to normal brain development. This period is
also characterized by a heightened incidence of harmful events that act via the GABAergic system,
including hypoxia-ischemia, seizures and drug exposure from maternal circulation (e.g. alcohol,
barbiturates). Unfortunately, there are few effective means of attenuating damage in the immature
brain. In the current investigation, we documented the effect of 17α-estradiol, a natural epimer of
17β-estradiol that has potent estrogen receptor-independent actions, on excessive GABAA receptor-
induced damage to the neonatal brain. We observed that treatment with 17α-estradiol significantly
attenuates the GABAA receptor-induced reduction in hippocampal volume and impaired
hippocampal dependent performance on the Morris water maze and radial arm maze. 17α-estradiol
mediated neuroprotection is hypothesized to be achieved by attenuating GABAA receptor-induced
cell loss, assessed in primary hippocampal cultures using both the lactate dehydrogenase assay and
TUNEL, with equivalent prevention of cell loss in the presence or absence of the estrogen receptor
antagonist, ICI-182,780. These data highlight one of the initial investigations of the neuroprotective
potential of 17α-estradiol in an in vivo model of injury to the immature brain.
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The gonadal steroid 17β-estradiol, an important mediator of sexual differentiation of the
developing brain (MacLusky and Naftolin, 1981; McEwen, 1981; Arnold and Gorski, 1984),
is a potent neuroprotective agent in adult models of brain injury. 17β-estradiol attenuates neural
injury due to stroke (Toung et al., 1998; Green et al., 2001; Dubal et al., 2006), seizures
(Veliskova et al., 2000), excitotoxicity (Huang et al., 2004; Perrella et a., 2005; Zhao et al.,
2005), oxygen-glucose deprivation (Harms et al., 2001) and oxidative stress (Behl et al.,
1995; Mize et al., 2003). 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 (Culmsee et al., 1999; Prokai et al., 2003), attenuation of
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calcium currents (Huang et al., 2004; Hilton et al., 2006), and activation of survival-promoting
signal transduction cascades (Honda et al., 2000; Linford et al., 2000; Jover et al., 2002). While
these studies represent a broad range of actions for 17β-estradiol, the effects of 17β-estradiol
against injury (protective or otherwise) have not fully been explored in the developing central
nervous system.

The developing central nervous system is particularly prone to injury (Volpe, 2001). Insults to
the immature central nervous system, of a neural (e.g. stroke, seizure), environmental (e.g.
umbilical cord strangulation or compression, physical abuse, fall), or maternal (e.g. pre-
eclampsia, infection, diabetes, iron deficiency, drug abuse) origin, have a devastating and
permanent effect on the brain and behavioral/cognitive abilities. Compounded upon this high-
risk period for brain injury is the lack of currently available means of attenuation of damage.

Applying findings obtained from the mature central nervous system, we investigated the
neuroprotective potential of 17β-estradiol against GABAA receptor-induced damage to the
newborn rodent brain, our model of injury to the premature human infant brain (Nuñez and
McCarthy, 2003). In stark contradiction to data obtained from the mature central nervous
system, we documented that 17β-estradiol exacerbated damage via excessive enhancement of
intracellular calcium levels and a prolongation of the excitatory actions of the neurotransmitter
GABA (Nuñez et al., 2005). Upon closer examination, 17β-estradiol does afford a measure of
neuroprotection by virtue of its rapid, potentially non receptor-mediated actions (Nuñez and
McCarthy, 2003). However, we hypothesize that the longer acting receptor-mediated actions
of 17β-estradiol overwhelm the shorter acting receptor-independent mechanism of
neuroprotection.

In the current experiment, we were interested in the neuroprotective potential of 17α-estradiol
in our in vivo model of injury to the human infant brain. This epimer of 17β-estradiol is noted
to have sustained, rapid effects on intracellular signaling cascades (Singh et al., 1999; Toran-
Allerand et al., 2005). 17α-estradiol is produced by the aromatization of epitestosterone, a
naturally occurring epimer of testosterone (Finkelstein et al., 1981; Starka, 2003).
Epitestosterone levels are elevated in the mother during pregnancy (Flint and Burrow, 1979),
with the placenta having potent aromatization (epitestosterone to 17α-estradiol) capabilities
(Higuchi and Villee, 1970; Horn and Finkelstein, 1971). With the ability of the epitesosterone
to pass from the maternal placenta to the fetus (Finkelstein et al., 1981), the fetus encounters
appreciable levels of 17α-estradiol during gestation (Toran-Allerand et al., 2005). Previous
work has demonstrated neuroprotective actions in vitro for this endogenously present
compound against hydrogen peroxide-induced damage to cultured human neuroblastoma SK-
N-SH cells (Green et al., 1997; Wang et al., 2006), serum deprivation in cultured primary
human fetal brain tissue (Hammond et al., 2001), amyloid β25–35 peptide exposure in cultured
primary rat cerebro-cortical neurons (Cordey and Pike, 2005), and cultured primary basal
forebrain neurons (Zhao and Brinton, 2006). By investigating cellular, anatomical and
behavioral endpoints, we can more fully evaluate the neuroprotective potential of this agent as
a practical means of intervention and attenuation of damage from insults to the immature brain.

Materials and Methods
Subjects

Animals were first generation descendants of Sprague-Dawley albino rats purchased from
Charles River Lab (Wilmington, MA) and housed under a 12:12 hour light/dark cycle, with
free access to food and water. Females were bred with male breeders in the Michigan State
University animal colony. Pregnant females were checked every morning beginning at 7am,
and every hour after that, for the presence of pups. Only females that gave birth after 7am were
used. Day of birth was designated as postnatal day 0. All animal procedures were approved by
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the Michigan State University All-University Committee on Animal Use and Care, and
followed National Institute of Health guidelines.

Experiment 1: In vivo investigation
Treatment of animals—Rats were removed from their mothers within two hours of birth
and placed on a heated pad to avoid a drop in body temperature. At this time, male and female
rats were treated with either: 1) 17β-estradiol (50µg), 2) 17α-estradiol (50µg) or 3) sesame oil
(vehicle). Due to the toxic nature of DMSO to animals, sesame oil was the vehicle for all in
vivo experimentation. Within five minutes of removal, pups were returned to their mothers.
Thirty minutes later, pups were once again removed from their mothers, with male and female
rats treated with either: 1) the GABAA receptor agonist muscimol (10µg) or 2) saline (vehicle).
Immediately following injections, pups were returned to their mothers. The muscimol or saline
treatment was repeated six hours later. The entire injection procedure was repeated on the next
postnatal day. Each animal was administered a total of four muscimol or saline injections, and
two 17β-estradiol, 17α-estradiol or sesame oil injections. All drugs and vehicles were
administered via a 0.05ml subcutaneous injection. Within each sex, there were a total of six
groups: 1) vehicle (sesame oil + saline), 2) sesame oil + muscimol (10µg), 3) 17β-estradiol
(50µg) + saline, 4) 17α-estradiol (50µg) + saline, 5) 17β-estradiol (50µg) + muscimol (10µg),
or 6) 17α-estradiol (50µg) + muscimol (10µg). There were a total of five (for behavior) to six
(for anatomy) animals in each group. The dose of estradiol used (both 17α- and 17 β-) in the
present investigation is based on radioimmunoassay results that this dose of 17 β-estradiol
results in high physiological levels of estradiol in hippocampal tissue (Amateau et al., 2004),
and exacerbates muscimol induced hippocampal damage (Nuñez and McCarthy, 2003). Only
one study has documented the neuroprotective potential of 17α-estradiol in vivo (Green et al.,
2001). This study documented that 100µg/kg of the natural enantiomer of 17β-estradiol
provided protection against damage in a model of middle cerebral artery occlusion. However,
in order to document the equimolar actions of both 17α- and 17 β-estradiol, a dose of 50µg
was used. For comparison to Green et al (2001), a separate set of animals (n=4) was
administered 1µg 17α-estradiol prior muscimol administration. These animals only underwent
anatomical investigation. All injections were made into the nape of the neck, with the injection
sites were sealed with cyanoacrylate Vetbond Surgical Adhesive (3M Animal Care Products,
St. Paul, MN), in order to avoid leakage of the injected solutions. Pups were marked depending
upon the manipulation they underwent by injecting India ink into their paws.

Behavioral investigation and testing environment—Daily handling of all pups began
on postnatal day (PN) 15. Handling took place for one to three minutes each day over postnatal
days 15 to 60 in order to make the rats more familiar with the experimenter and more
comfortable with the procedural components of the behavioral testing, thereby significantly
reducing any potential confounding stress effects. Rat pups were weaned on PN20-23, with
animals housed with one to two other same sex littermates. Behavioral testing began on PN60.
Females were only tested during the diestrus phase of their estrous cycle in order to eliminate
the potential confounding effect of cyclic changes in estradiol and progesterone. All testing
took place in a single, isolated room that had numerous posters and objects hung on the walls.
In order to minimize stress during behavioral testing, low-light levels were maintained
throughout testing, and all testing was executed by the same experimenters (J.M. and J.L.N.).
All behavioral testing occurred between 2 and 5pm (animals were on a 5am on: 5pm off light:
dark cycle). Concern was given to the amount of time animals were not in their animal room
(home environment). During testing, one experimenter (J.L.N.) sat at a computer station set
up in an ante room; while an assistant (J.M.) was responsible for placing and retrieving animals.
For data acquisition, an overhead low-light video camera connected to a computer with image
analysis software (SMART video tracking system, San Diego Instruments, San Diego, CA)
was used to track the movements of animals in all the various mazes.
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Water maze
Pre-training: On PN60-65, all animals underwent one day of water maze pre-training. The
water maze was purchased from San Diego Instruments (San Diego, CA). The maze, composed
of blue industrial plastic, is circular with 30 inch high walls and a diameter of 6 feet. The maze
was filled to a depth of 21 inches with 26 ± 1°C water rendered opaque with 150 grams of
powdered skim milk. A white plastic platform (4 inch diameter and 10 inches tall) was placed
in the center of the pool, sticking one inch above the surface of the water. Each animal was
placed on the platform for 20 seconds, and then put into the pool at a random location. Animals
were allowed 60 seconds to locate and escape onto the visible platform. If they did not find the
platform in the allotted time, they were led there by the experimenter. Animals remained on
the platform for twenty seconds. Each rat underwent three consecutive trials. After all trials
were completed, animals were thoroughly dried and returned to their home cages.

Testing: One to two days following pre-training, rats underwent one day of water maze testing.
Each animal was placed on the platform for 20 seconds, and then put into the pool at one of
four start locations: north, south, east or west. The animals were allowed 60 seconds to locate
and escape onto the submerged platform [a white plastic platform, 20 inches in height with a
4 inch diameter face, was used throughout the study and placed in the south-east corner of the
pool (18 inches from the edge). The top of the platform was one inch below the surface of the
water (therefore, the platform was invisible to the animals)]. If they did not find the platform
in the allotted time, they were led there by the experimenter. Animals remained on the platform
for ten seconds. Each rat underwent twelve trials. There was a 2 to 5 minute inter-trial interval,
with a 30 minute rest period between the 8th and 9th trials. After all trials were completed,
animals were thoroughly dried and returned to their home cages. Data was obtained using the
SMART system tracking software. The following measures were recorded for all animals
across all trials: 1) latency to find the escape platform, 2) path-length during the search for the
escape platform, and 3) average swim speed for each individual trial.

Following water maze testing, the animals began food deprivation. Each animal was weighed,
and fed 3 pellets (10 grams) per day. Over the next ten days, each animal’s body weight was
reduced to 92–95% of the initial body weight. Along with the daily feeding, rats were given
three pieces of whole grain cereal. The rats were encouraged to take the cereal from the
experimenter. After a stable body weight was obtained, each animal began radial arm maze
pre-training.

Radial arm maze—The radial arm maze was purchased from San Diego Instruments (San
Diego, CA). The maze, composed of black plastic, consists of eight arms 20 inches in length
and 4 inches in width, with 8 inch high walls. A central circular region (6 inches in diameter)
joins the arms of the maze. The entire maze is elevated 20 inches off the ground.

Pre-training: Prior to each trial, the maze was cleaned thoroughly with a 70% alcohol solution.
The pre-training trial began with the rat being placed in the central region of the maze. Each
rat underwent one trial per day. On the first day of pre-training, a piece of the whole grain
cereal was placed at the entrance to each of the eight arms. Animals were then allowed to eat
the cereal, with the trial timed. After all cereal pieces were eaten, or 5 minutes had elapsed,
each rat was removed and returned to its home cage. On the second day of pre-training, a piece
of cereal was placed half-way down each of the eight arms, while for the third day of pre-
training, a piece was placed at the end of each of the eight arms. In order to continue radial
arm maze testing, animals had to eat all pieces of cereal within the allotted time. All animals
attained asymptotic performance (all pieces of food eaten in the allotted time) after seven days
of pre-training.
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Testing: One day after radial arm maze pre-training ended, rats began testing. Prior to each
trial, the maze was cleaned thoroughly with a soap solution, followed by 70% alcohol. The
testing trial began with each rat being placed in the central region of the maze. Each rat
underwent one trial per day, with testing lasting a total of five days. A small piece of whole
grain cereal was placed in a dish at the end of five of the eight arms, to ensure the rat could not
see the cereal from the center. Each trial lasted for 5 minutes, at which point the rat was removed
and returned to its home cage. At the end of the testing phase, each animal has undergone
twelve total trials – seven pre-training trials, and five testing trials. Data was obtained using
the tracking software and supplemented by experimenter observations. The following measures
were taken: 1) number of entries into arms that never contained food (reference memory error),
2) number of entries into arms that contained food, but it was already consumed on the same
trial (working memory errors), and 3) amount of time required to complete the testing trials.

Following the termination of behavioral testing, the brains of these animals were collected for
Golgi and electrophysiological investigation (discussed elsewhere).

Histological Processing and Stereological Analysis—A separate set of animals that
did not undergo behavioral testing were euthanized on postnatal day 90 by barbiturate overdose,
and their brains fixed overnight in 4% paraformaldehyde with 2.5% acrolein, then 24 hours in
4% paraformaldehyde. Brains were stored in 30% sucrose in paraformaldehyde for 72 hours,
and then sectioned on a cryostat. Consecutive 60µm coronal sections were made through the
entire hippocampus, with all tissue saved in tissue wells in the consecutive series. Tissue was
processed for free-floating neuronal nuclear antigen (NeuN) immunocytochemistry. Following
immunocytochemistry, consecutively labeled tissue sections were mounted onto gelatin coated
slides. Using the StereoInvestigator program package (version 6.55, MicroBrightField,
Colchester, VT) loaded onto a PC, with a Nikon Eclipse 80i microscope equipped with a motor-
driven LEP stage and an Optronics Microfire color CCD camera, hippocampal volume was
quantified.

Volumetric analysis using Cavalieri estimator—The anterior to posterior extent of the
hippocampal formation on the tissue-mounted slides was recorded, with the anterior-most
tissue section (section 0) containing the hippocampus and dentate gyrus recorded. The first
section that underwent volumetric analysis using the Cavalieri estimator was a randomly
chosen tissue section that was within 120µm (two tissue sections) of the anterior-most tissue
section (section 0) containing the hippocampal formation. Each subsequent tissue section that
underwent volumetric analysis was exactly 180µm (three tissue sections) from the previously
analyzed tissue section. The last tissue section that underwent volumetric analysis was the last
plane in which the hippocampal formation was present. There were a total of 8 to 10 tissue
sections analyzed using the Cavilieri estimator for each animals. Cavalieri estimation was
performed using a 40X objective and 75µm grid spacing. In the volumetric analysis, a
distinction was made between the hippocampus proper and the dentate gyrus. The
StereoInvestigator program package was used to convert the volume of each tissue section
(tissue thickness multiplied by the surface area, as estimated using the Cavilieri method), sum
the volumes across all tissue sections investigated (8–10 total), and through the entire depth of
the hippocampus proper (between 1500 and 1920µm), in order to obtain total hippocampal and
dentate gyrus volume.

Experiment 2: In vitro investigation
Preparation of primary hippocampal neuron cultures—Sprague-Dawley breeder
females were bred with male breeders in the Michigan State University animal colony. On the
day of birth, male pups were removed and used for primary cell culturing. Only males were
used given the lack of difference between the sexes in the neuroprotective effects (both

McClean and Nuñez Page 5

Exp Neurol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anatomically and behaviorally) afforded by 17α-estradiol. Animal use procedures were
approved by the Michigan State University All University Committee on Animal Use and Care,
and followed National Institute of Health guidelines. Hippocampi were dissected into HBSS
+ [88ml sterile H2O, 10 ml Hank’s balanced salt solution (Ca2+ and Mg2+-free) 10X, 1 ml
HEPES buffer, 1.0 M, pH 7.3, 1 ml Antibiotic/Antimycotic 100X liquid], then additional HBSS
+ was added to the tube to a volume of 4.5 ml, with 0.5ml trypsin (2.5%), and incubated in a
37°C water bath for 15 minutes. The supernatant was discarded and the tissue washed with
HBSS+. This procedure was repeated a second time. Cells were dissociated by trituration, with
cell number and viability determined by trypan blue exclusion. Cells were plated on 25mm
Poly-L-lysine (Sigma, St. Louis, MO, USA) coated cover slips at a density of 300,000 cells
per coverslip, and placed in 60mm dishes containing 4ml plating medium [86ml MEM, 10 ml
horse serum, 3 ml glucose (filter sterilized, 20%) 1ml pyruvic acid, 100mM]. Cells were
allowed 4 hours to adhere to the coverslips in a 37°C, 5% CO2 incubator. The coverslips were
removed from the plating dishes and placed into 60mm dishes filled with Neurobasal+ [1ml
B-27 supplement, 1ml Antibiotic/Antimycotic 100X, 125µl L-Glutamine and filled to 50ml
with Neurobasal (phenol red free)]. All cell culture chemicals and solutions were obtained from
Invitrogen (Carlsbad, CA, USA).

Cultured cell treatment—Hippocampal cultures were treated on days in vitro (DIV) 0 and
1 with one of six treatment paradigms: 1) 1nM 17β-estradiol, 2) 1nM 17α-estradiol, 3) 1µM
ICI-182,780 (estrogen receptor antagonist), 4) 1µM ICI-182,780, followed 30 minutes later by
1nM 17β-estradiol, 5) 1µM ICI-182,780, followed 30 minutes later by 1nM 17α-estradiol or
6) vehicle alone (DMSO). Due to the lack of solubility of sesame oil in the culture medium,
all drugs were dissolved in DMSO (less than 0.001%). Beginning on DIV 2, cultures were
treated with either 10µM muscimol (GABAA receptor agonist) or sterile saline (vehicle). The
treatment was repeated four hours later, and the muscimol or saline treatment schedule was
repeated on DIV 3, for a total of four muscimol treatments.

Lactate dehydrogenase assay—Beginning two hours after the last muscimol treatment,
cell culture medium was collected for lactate dehydrogenase (LDH) assay, a measure of cellular
injury following exposure to a cytotoxin. Samples were made at 2, 8, 24, 48 and 72 hours after
the last muscimol administration. There were a total of six culture dishes from two separate
culture runs collected for each treatment group and at each time point. At the collection time
points, 200µl of culture supernatant was removed from each hippocampal culture treatment
group, along with the various LDH assay controls (background control; “high” control –
cultures treated with 2µl Triton X-100; “low” control – untreated cultures) and stored at −80°
C until assayed. Immediately following the withdrawal of medium from the “test” cultures,
200µl of medium from cultures in the same treatment group, but which were not used for the
LDH assay, was replaced into the “test” cultures. The LDH assay was performed using a
microplate reader (Model 680, Bio Rad, Hercules, CA) and the Cytotoxicity Detection Kit
(Roche, Indianapolis, IN). The ELISA reader determines the absorbance for each sample, and
then the percent cytotoxicity was calculated using the equation:Cytotoxicity = (treatment group
– “low” control)/ (“high” control – “low” control) *100

TUNEL assay—Twenty four hours after the last muscimol treatment, hippocampal cultures
were fixed by immersion in 4% paraformaldehyde for 25 minutes at room temperature. Cultures
were then washed three times in PBS for five minutes, permeabilized by immersion in 0.2%
Triton X-100 solution in PBS, and stained using the standard protocol provided in the DeadEnd
Colorimetric TUNEL system (Promega, Madison, WI) and TUNEL immunoreactive cells
visualized using diaminobenzidine (DAB). Cells were lightly counter-stained with the Nissl
stain cresyl violet, dehydrated and mounted on slides. TUNEL immunoreactive (TUNEL-ir)
and cresyl stained cells were counted on each coverslip using the fractionator technique in
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conjunction with the StereoInvestigator program (version 6.55, MicroBrightField, Colchester,
VT). An unbiased disector frame was randomly placed throughout each coverslip, with one
hundred fields sampled in order to obtain an estimate (number of TUNEL-ir cells and number
of cresyl stained living cells) from each coverslip. A total of five coverslips were sampled in
each treatment group. To ensure that cell distribution was uniform across all coverslips and
treatments, we reported the number of TUNEL-ir cells per 100 living cells.

Statistical Analysis
Two way analyses of variance for the effect of drug (vehicle, muscimol) and hormone (vehicle,
17α-estradiol, and 17β-estradiol) on volumetric quantification were performed. Males and
females were analyzed separately. Repeated measures two way analyses of variance were run
on water maze and radial arm maze data. LDH data was analyzed by three way analysis of
variance. For all ANOVAs, post-hoc (Tukey) tests were performed, with a level of p<0.05
required to obtain statistical significance. The non-parametric χ2 test was performed on the
number of TUNEL-ir cells per 100 living cells. All analyses were performed using the SYSTAT
Program (version 11.0).

Results
Behavioral Analysis

Morris Water Maze
Pretraining: There were no significant treatment, hormone or sex effects on latency to find
the visible platform across the three trials (Figure 1A and 1B). This indicates that all animals
were able to acquire the procedural components of the task, without problems brought about
by motor or sensory deficits.

Testing: There was a significant main effect of drug treatment and drug treatment by hormone
interaction on water maze performance in both males and females (Between group analyses –
Drug – Male: F1, 28=17.836, p<0.001; Female: F1, 28=12.248, p<0.001, Drug X Hormone –
Male: F2, 28=7.63, p<0.01; Female: F2, 28=5.48, p<0.01) (Figure 1A and 1B). Muscimol and
17β-estradiol + muscimol treated animals had the longest latencies as compared to all other
groups (p<0.05). A similar pattern of results was obtained from path-length data (not shown).
Vehicle and 17α-estradiol + muscimol treated males and females had almost equivalent
latencies across all trial blocks. All animals were able to learn the task (Within group analyses
- Male: F2, 56=128.49, p<0.001; Female: F2, 56=112.34, p<0.001). The effect of muscimol
treatment was the most pronounced in the first two trail blocks. All animals with the exception
of muscimol treated females, and 17β-estradiol + muscimol treated males and females attained
asymptotic performance by the third trial block. Swim speed was unaffected by neonatal
treatment (data not shown).

Radial Arm Maze—There was a significant main effect of drug treatment, and drug treatment
by hormone interaction on radial arm maze performance (reference memory task) in both males
and females (Between group analyses – Drug – Male: F1,24=18.137, p<0.001; Female:
F1, 24=21.741, p<0.001, Drug X Hormone – Male: F2,24=9.334, p<0.003; Female: F2, 24=6.993,
p<0.008) (Figure 2A and 2C). Consistent with Morris water maze performance, muscimol and
17β-estradiol + muscimol treated animals had the most number of errors as compared to all
other groups (p<0.05). Within group analyses indicated that while all groups learned the task
(Male: F4, 96=78.331, p<0.001; Female: F4, 96=29.243, p<0.001), there was a significant drug
treatment effect on the rate of learning across trial blocks in both sexes (Male: F4, 96=11.112,
p<0.001; Female: F4,96=7.186, p<0.002). Muscimol and 17β-estradiol + muscimol treated
females did not improve in task performance across the five days of testing. Acquisition was
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also significantly impaired in muscimol and 17β-estradiol + muscimol treated males. All other
groups attained asymptotic performance by the fourth day of testing.

There was a significant main effect of treatment in females, and a drug treatment by hormone
interaction on the number of working memory errors in both males and females (Between group
analyses – Drug – Female: F1, 24=6.111, p<0.03, Drug X Hormone – Male: F2,24=5.917,
p<0.01; Female: F2, 24=5.363, p<0.02) (Figure 2B and 2D). Muscimol and 17β-estradiol +
muscimol treated males and females had the most number of working memory errors (p<0.05).
On all days in males and females (except day one in females), 17α-estradiol + muscimol treated
animals made 40–50% fewer working memory errors than muscimol alone treated animals.
Vehicle and 17α-estradiol + muscimol treated animals made equivalent number of working
memory errors across all trial blocks. All animals displayed improved performance across the
consecutive training days (Within group analyses - Male: F4, 96=51.874, p<0.001; Female:
F4, 96=16.924, p<0.001). Muscimol and 17β-estradiol + muscimol treated males and females
had the slowest rates of obtaining asymptotic performance on the task. The effects of treatment
were the most pronounced in the first three training days, with all animals attaining near perfect
performance by the fifth training day. Maximal performance was achieved by day three in
control and 17α-estradiol + muscimol treated males and females.

There were no drug treatment or hormone effects on the time to complete the radial arm maze
trials (data not shown). This is surprising given that muscimol and 17β-estradiol + muscimol
treated males and females made significantly more working and reference memory errors
across the testing trials. On day one, animals took between 130 and 185 seconds to successfully
complete the task. This improved to 70 to 100 seconds by the second day of testing. By the
fifth day of testing, all animals were performing the task in 50 to 70 seconds.

Anatomical Investigation
Volume—There was a significant effect of drug treatment, and a drug treatment by hormone
interaction on the volume of the hippocampus in both males (Drug Treatment: F1, 15=38.982,
p<0.001; Drug Treatment X Hormone: F2, 15=10.963, p=0.001) and females (Drug Treatment:
F1, 16=4.501, p=0.050; Drug Treatment X Hormone: F2, 16=9.607, p=0.002) (Figure 3A and
3B).

In males, muscimol administration resulted in a 14.5% reduction in hippocampal volume, with
a further reduction to 30% smaller than controls in 17β-estradiol + muscimol treated animals
(p<0.05 for each comparison). Conversely, the hippocampal volume of 17α-estradiol +
muscimol treated animals was only 5.4% smaller than controls. 17β-estradiol + muscimol
treated animals had smaller hippocampal volumes than all other groups (p<0.05).

In females, both muscimol alone and the combination of 17α-estradiol + muscimol were
without effect on hippocampal volume, resulting in a modest 4% decrement as compared to
controls. However, 17β-estradiol + muscimol treated animals had hippocampal volumes 14%
smaller than controls, and significantly smaller than all groups (p<0.05 for each comparison).

A subset of males and females were administered 1µg 17α-estradiol prior muscimol treatment.
Hippocampal volumes in 17α-estradiol+musicmol treated males and females were not
significantly different from control animals of the same sex, yet significantly greater than
muscimol alone treated animals. There was no significant difference in hippocampal volume
between 17α-estradiol (1µg) + muscimol and 17α-estradiol (50µg) + muscimol treated animals
(both males and females). Given the lack of difference, only 17α-estradiol (50µg) + muscimol
animals were investigated.
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In vitro Investigation
LDH—There was a significant effect of drug treatment, and a drug treatment by hormone
interaction on lactate dehydrogenase levels in the primary hippocampal cultures (Between
group analyses – Drug: F1, 60=109.727, p<0.001, Drug X Hormone: F2,60=19.326, p<0.001)
(Figure 4A and 4B). Across all time points examined, muscimol alone treated cultures
displayed elevated levels of LDH as compared to all groups except ICI-182,780 + muscimol
treated cultures (p<0.05 for each measure). Also, muscimol alone treated cultures displayed
elevated LDH levels relative to 17β-estradiol + muscimol treated cultures at 2, 8 and 24 hours
post muscimol, but equivalent at 48 hours post muscimol (p<0.05 for each comparison). 17β-
estradiol + muscimol treated cultures had elevated LDH levels relative to controls, 17α-
estradiol + muscimol, ICI-182,780 + 17α-estradiol + muscimol, and ICI-182,780 + 17β-
estradiol + muscimol treated cultures at 24 and 48 hours post muscimol application (p<0.05
for each comparison). Consistent with the data on hippocampal volume, 17α-estradiol was
protective against muscimol-induced damage, with only modest initial protection (only
between 2 to 8 hours post muscimol) afforded by 17β-estradiol. The protective effects of
17α-estradiol appear to be independent of the classical nuclear estrogen receptor, given there
was no effect of the estrogen receptor antagonist ICI-182,780.

TUNEL-ir cell number—Consistent with the LDH data, we have documented that muscimol
application significantly increased the proportion of dying/dead cells (TUNEL-ir) relative to
vehicle treated hippocampal neurons (χ2 = 5.43; p=0.021). Vehicle – 1.824±0.05, Muscimol –
9.250±0.24, 17β-Estradiol + Muscimol – 14.326±1.40, 17α-Estradiol + Muscimol – 4.426
±0.66, ICI-182,780 + 17α-Estradiol + Muscimol – 5.901±0.47, ICI-182,780 + 17β-Estradiol
+ Muscimol – 5.649±0.16. All values are number of TUNEL positive cells per 100 living cells.
Both the LDH and TUNEL-ir findings are consistent with previous work (Nuñez et al., 2003;
Nuñez et al., 2004). Pretreatment with 17β-estradiol significantly increased the proportion of
TUNEL-ir cells (χ2 = 17.14; p=0.001) – while muscimol alone led to a four-times increase in
the proportion of TUNEL-ir cells, 17 β-estradiol + muscimol treated cultures had an almost
seven fold increase in the proportion of TUNEL-ir cells. In stark contrast, pretreatment with
17α-estradiol significantly attenuated TUNEL-ir cell death compared to both muscimol alone
(χ2 = 6.28; p=0.011) and 17 β-estradiol + muscimol treated cultures (χ2 = 10.73; p=0.009). The
protective effect of 17α-estradiol appears to be independent of the classical nuclear estrogen
receptor, given that there is equivalent protection from muscimol-induced damage in both
ICI-182,780 + 17α-estradiol treated cultures (χ2 = 3.17; p=0.041) and ICI-182,780 + 17β-
estradiol treated cultures (χ2 = 3.09; p=0.042).

Discussion
In the present study we have documented that 17α-estradiol is a potent neuroprotective agent
against excessive GABAA receptor activation induced damage to the newborn rat, our in
vivo model of brain injury in human infants. We have previously documented that muscimol,
the selective GABAA receptor agonist, induces cell loss in the immature hippocampus that
persists through adolescence (Nuñez et al., 2003a,b). In the present study, muscimol
administration resulted in a 4–15% reduction in the volume of the hippocampus. Prior
administration of 17α-estradiol resulted in near complete attenuation of muscimol-induced
hippocampal damage. Behavioral performance on two hippocampal-dependent tasks was
likewise spared the deleterious effects of muscimol by pretreatment with 17α-estradiol. The
present findings are consistent with the wealth of data on the neuroprotective effects of 17α-
estradiol against serum deprivation, amyloid β25–35 peptide, glutamate, and hydrogen peroxide
exposure in vitro (Green et al., 1997; Hammond et al., 2001; Cordey and Pike, 2005; Wang et
al., 2006; Zhao and Brinton, 2006).
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17α-estradiol is a naturally occurring estrogen that has potential as a neuroprotective agent.
Although only investigated in a handful of studies, 17α-estradiol has been demonstrated to
attenuate brain lipid peroxidation (Green et al., 2001), and induce sustained activation of the
survival promoting MAPK/ERK and phophatidylinositol 3-kinase-Akt intracellular signaling
cascades (Singh et al., 1999; Cordey and Pike, 2005; Toran-Allerand et al., 2005). In vivo,
17α-estradiol has been documented to attenuate mortality and reduce ischemic lesion volume
following middle cerebral artery occlusion in the adult female rat (Simpkins et al., 1997; Green
et al., 2001). A combination of these mechanisms may be responsible for the protection
afforded by 17α-estradiol in the current paradigm.

Circulating 17α-estradiol results from the aromatization of epitestosterone, a naturally
occurring epimer of testosterone (Finkelstein et al., 1981; Starka, 2003). It is of interest that
epitestosterone levels significantly increase during pregnancy (Flint and Burrow, 1979), with
the human placenta having potent aromatization (epitestosterone to 17α-estradiol) capabilities
(Higuchi and Villee, 1970; Horn and Finkelstein, 1971). Given the presence of significant
levels of epitestosterone in males, females (Havlikova et al., 2002), and pregnant females
(Finkelstein et al., 1981), we hypothesize that the actions of 17α-estradiol investigated in the
present study may represent an under-appreciated and endogenous mechanism of
neuroprotection in the human brain.

Muscimol administration to the newborn rat results in a marked decrease in the volume of the
male and female hippocampus. We also report an exacerbation of muscimol-induced damage
in the hippocampal formation by pretreatment with high physiological levels of 17β-estradiol,
consistent with previous work from our lab (Nuñez et al., 2003a,b; Nuñez and McCarthy,
2003). The decrement in hippocampal volume following muscimol administration is attributed
to enhanced cell death. In support of this hypothesis, we have dpcumented a significant increase
in lactate dehydrogenase (LDH) release and the number of TUNEL-positive cells per living
cells following muscimol application in primary hippocampal cultures, two indicators of cell
death. As further confirmation of the long-term deleterious effects, muscimol administration
resulted in attenuated performance on the Morris water maze and the reference memory
component of the radial arm maze, two hippocampal dependent tasks, in adulthood.

Neuroprotection from the debilitating anatomical and behavioral alterations afforded by 17α-
estradiol is hypothesized to result from attenuated hippocampal neuron loss. Our findings in
vitro demonstrate diminished release of lactate dehydrogenase following 17α-estradiol +
muscimol application and fewer TUNEL-immunopositive cells in 17α-estradiol + muscimol-
treated primary hippocampal cultures as compared to muscimol alone treated cultures.
Equivalent protection was afforded by 17α-estradiol in vitro in the presence and absence of
antagonism of the classical nuclear estrogen receptor, indicating the importance of the non-
genomic actions of 17α-estradiol.

We conclude that the natural enantiomer of 17β-estradiol, 17α-estradiol, is neuroprotective
against anatomical and behavioral deficits in an in vivo model of early brain injury. Equivalent
protection by 17α-estradiol in vitro was documented in the presence and absence of the estrogen
receptor antagonist ICI-182,780. Likewise, there was no difference in the neuroprotective
capabilities of 17α-estradiol + ICI-182,780, 17β- estradiol + ICI-182,780 and 17α-estradiol
alone administered prior to muscimol. While the nuclear receptor dependent effects of 17β-
estradiol led to an exacerbation of damage (both anatomically and behaviorally), the classic
nuclear receptor independent effects of both 17β-estradiol and 17α-estradiol resulted in
protection. Antagonism of the nuclear estrogen receptor was not performed in vivo due to the
mixed effects of currently available drugs. We hypothesize that 17α-estradiol attenuates
muscimol-induced damage via its non-genomic actions in the developing hippocampus. 17α-
estradiol reduces the amount of muscimol-induced cell loss, which in turn may lessen the
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reduction in hippocampal volume and concomitant behavioral deficits. While recent work has
documented that 17α-estradiol is present in the postnatal and adult male and female mouse
brain, and has potent action on the estrogen receptor in the adult female mouse uterus, an
investigation of 17α-estradiol binding to estrogen receptors in the newborn mouse
hippocampus was not performed (Toran-Allerand et al., 2005). The current data speak to the
neuroprotective actions of 17α-estradiol in the developing rat hippocampus.
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Figure 1.
Pretreatment with 17α–estradiol attenuates neonatal muscimol-induced impairment on water
maze task. Neonatal muscimol administration resulted in deficits in water maze performance
in both males (A) and females (B). While 17β-estradiol pretreatment was without effect on the
muscimol-induced deficits in performance, 17α–estradiol attenuated the deleterious effects of
muscimol in animals of both sexes. On all trial blocks, 17α–estradiol + muscimol treated
animals displayed performance equivalent to vehicle treated animals. Data represent the mean
latency to find the “hidden” escape platform ± SEM values, obtained from 5 animals in each
group. Data is grouped into trial blocks, with each trial block representing four individual trials.
* indicates significant difference from vehicle treated animals (Tukey; p<0.05).
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Figure 2.
Pretreatment with 17α-estradiol significantly attenuates the neonatal muscimol-induced
alterations in males (A) and females (C) on the reference memory component of the radial arm
maze, and in males (B) and females (D) on the working memory component of the radial arm
maze. Consistent with deficits on water maze task, 17β-estradiol was ineffective against the
deleterious actions of muscimol. Data represent the mean number of reference memory errors
(A and C) (visiting arms that never had food), and working memory errors (B and D) (visiting
an arm in which the food was previously consumed) ± SEM values, obtained from three animals
in each group. Testing took place over a five day period, with data representing an individual
five minute trial performed on a single day.
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Figure 3.
Pretreatment with 17α-estradiol attenuated muscimol-induced decrement in hippocampal
volume in the (A) male and (B) female rat. Muscimol administration led to a significant
decrease in hippocampal volume in males, with the combination of 17β-estradiol + muscimol
resulting in further decrement in hippocampal volume in both males and females. In contrast,
the hippocampal volumes of animals treated with 17α-estradiol prior to muscimol was
equivalent to that of vehicle treated animals. Data represent the mean hippocampal volume
(mm3) ± SEM values, obtained from six animals in each group. * indicates significant
difference from vehicle treated animals (Tukey; p<0.05). @ indicates significant difference
from 17α-estradiol + muscimol treated animals (Tukey; p<0.05).
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Figure 4.
Muscimol-induced enhancement in lactate dehydrogenase (LDH) levels is completely
attenuated by pretreatment with 17α-estradiol (A), but unaffected by 17α-estradiol alone (B)
in primary hippocampal cultures. 17α-estradiol, alone and in combination with the estrogen
receptor antagonist ICI-182,780, blocked muscimol-induced elevations in LDH levels. In
contrast, while 17β-estradiol afforded protection against muscimol-induced toxicity at two and
eight hours post application. Data represent the mean lactate dehydrogenase levels ± SEM
values, obtained from six individual cultures dishes (two separate culture runs) in each group.
# indicates significant difference from vehicle treated control cultures, 17α-estradiol +
muscimol, ICI-182,780 + 17α-estradiol + muscimol and ICI-182,780 + 17β-estradiol +
muscimol treated cultures at the same time point (Tukey; p<0.05). * indicates significant
difference from control (vehicle treated) cultures at the same time point (Tukey; p<0.05).
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