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The developing hippocampus of both males and females is
exposed to high levels of the gonadal steroid estradiol. The
impact of this estradiol exposure on developing hippocampal
neurons is essentially unknown. In the rat, the newborn hip-
pocampus is relatively insensitive to excitotoxic brain injury,
which in adults is associated with the release of amino acids,
in particular glutamate, resulting in a significant increase in
intracellular calcium and eventual cell death. We have shown
previously in the rat that administration of the glutamate
agonist, kainic acid (KA), on the day of birth results in limited
hippocampal damage, which is ameliorated by treatment with
the gonadal steroid, estradiol. We now show that KA induces
an increase in intracellular calcium through L-type voltage-
sensitive calcium channels early in development and, later in

development, through polyamine-sensitive a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptors with a
modest increase through N-methyl-D-aspartate receptors.
Pretreatment with the gonadal steroid, estradiol, decreases
the percentage of neurons responding to KA and decreases the
peak amplitude of the calcium transient early in development
but has no effect later in development. Taken together, these
data suggest that there is a developmental shift in the route
of KA-induced intracellular calcium and estradiol modulates
KA-induced intracellular calcium to a time restricted to early
development, but whether this is the basis of the neuropro-
tective effect of estradiol remains to be determined. (Endo-
crinology 147: 1246-1255, 2006)

URING THE PERINATAL period, the developing
brain is exposed to high levels of gonadal steroids. In

the diencephalon, this exposure is distinct in males vs. fe-
males, in particular neuronal aromatized estradiol, which is
derived from androgen precursors originating in the males
testis (1). Functionally, estradiol mediates sexual differenti-
ation in the rodent brain (2), resulting in changes in behavior,
volumetric differences, dimorphic synaptic patterning (2, 3),
and alterations in neuronal differentiation (4). Estradiol ex-
erts both trophic and maturational effects through modula-
tion of excitatory amino acids (5) and apoptosis (6, 7) as well
as regulation of trophic factors such as brain-derived neu-
rotrophic factor (8). Estradiol also acts directly on N-methyl-
p-aspartate (NMDA) receptors and L-type voltage-sensitive
calcium channels (VSCCs) to regulate calcium influx (9, 10).
In the telencephalon, including the hippocampus, both
males and female neurons are exposed to high levels of
estradiol (11), and there is increasing evidence of de novo
steroidogenesis by hippocampus neurons (12). The func-
tional impact of elevated estradiol on the developing hip-
pocampus is largely unknown. In the adult, there is consid-
erable interest in the neuroprotective effects of estradiol after
ischemic injury (13-17), and the hippocampus is particularly
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susceptible to the deleterious effects of hypoxia as a conse-
quence of excitotoxic glutamate (18, 19). The developing
hippocampus is also susceptible to ischemic injury (20-22),
but the cellular mechanisms of damage have not been well
characterized, in part, because of the relatively low expres-
sion and functionality of glutamate receptors early in devel-
opment (23-25).

Kainic acid (KA) is an a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate receptor agonist
that has been widely used to induce excitotoxic brain injury
in adults (26-29) by inducing increased intracellular calcium
and internucleosomal DNA fragmentation and cell loss (30,
31). We recently reported that KA administration causes
significant damage to the dentate gyrus and moderate dam-
age to the CA2/3 region of the hippocampus in female rat
pups on the day of birth, whereas male pups are resistant to
KA-induced damage. Damage in the female is ameliorated
by pretreatment with the gonadal steroid, estradiol (32, 33).
Thus, exploring the impact of estradiol on calcium influx
induced by KA could provide insight into normal brain de-
velopment as well as a potential mechanistic basis of neu-
roprotective effects of estradiol in the developing brain.

Using the calcium-sensitive dye, fura 2-AM, and cultured
hippocampal neurons, we report here that KA induced an
increase in intracellular calcium through AMPA receptor-
mediated depolarization and subsequent opening of VSCCs
around the day of birth. Approximately 4 d later, in contrast,
KA led to calcium influx via polyamine-sensitive AMPA
receptors and recruitment of NMDA receptors. Pretreatment
with physiologic levels of estradiol decreased the percentage
of cells responding to KA and decreased the peak amplitude
of the KA-induced calcium transient during early develop-
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ment but had no effect on the KA-induced intracellular cal-
cium response in more mature hippocampal neurons.

Materials and Methods
Animals

Subjects were first generation descendants of Sprague Dawley albino
rats from Charles River Laboratory (Wilmington, MA). Female rats were
bred at the University of Maryland School of Medicine (Baltimore, MD)
animal facility. Animals were housed under a 12-h light, 12-h dark cycle
with unlimited access to food and water. All animal procedures were
approved by the University of Maryland Institutional Animal Care and
Use Committee. Numbers of animals used was kept to a minimum, and
procedures were performed in a manner that minimized suffering.

Hippocampal cell culture

A timed pregnant Sprague Dawley female was killed by CO, inha-
lation at gestational d 18. Fetal hippocampi were dissociated using
trypsin digestion and triturated to give a single cell suspension. The
suspension was incubated in a water bath for 15 min at 37 C to allow
the cells to settle, and the supernatant was removed. Five milliliters of
Hanks’ balanced salt solution+ was added, and the cells were allowed
to settle for 5 min. This process was repeated two more times. Cells were
dissociated by pipetting and deoxyribonuclease treatment. Cell count
and viability were determined using a hemacytometer and trypan blue
staining before cells were plated at a density of 300,000 cells per coverslip
on 25-mm poly-L-lysin-coated coverslips. These were then placed in
60-mm dishes containing 4 ml plating medium (86 ml MEM, 10 ml horse
serum, 3 ml filter sterilized 20% glucose, and 1 ml pyruvic acid, 100 mm).
Cells were placed in a 5% CO, incubator for 4 h at 37 C. Coverslips were
transferred from the plating media to dishes containing 3 ml Neurobasal
media (1 ml B-27 supplement, 1 ml antibiotic/antimycotic 100X liquid,
and 125 ul L-glutamine to a volume of 50 ml with Neurobasal). Hip-
pocampal neuronal cultures were treated with 1 um estradiol dissolved
in dimethylsulfoxide (DMSO) and added to 3 ml culture medium to
achieve a final concentration of 1 nm. Vehicle-treated controls received
the same volume of DMSO. This treatment results in a physiologic
concentration of approximately 200 pg/ml estradiol (34). Hippocampal
cell cultures intended for fluorescent imaging were again treated with
estradiol or vehicle on days in vitro (DIV)2 and DIV6. On DIV3 and DIV7,
1 ml medium was removed from each culture dish and replaced with
1 ml fresh Neurobasal medium containing either estradiol or vehicle.

Fluorescent imaging

The day cultures were generated was designated as DIV0. To evaluate
intracellular calcium responses developmentally, days in vitro were cor-
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related to estimated postnatal days of life (Fig. 1). For example, DIV4 for
neurons cultured from embryonic day 18 fetuses is considered roughly
equivalent to postnatal d 0. On DIV4, DIV6, DIVS, and DIV10, calcium
imaging using the cell-permeant fluorescent indicator fura 2-AM was
performed on hippocampal cell cultures. On the day of imaging, hip-
pocampal neurons were incubated with 3 ul fura 2-AM in DMSO with
20 pl pluronic acid for 30 min. Coverslips were then transferred to a
tissue chamber on a microscope stage and were superfused for 30 min
with a physiologic salt solution [PSS; 134 mm NaCl, 5 mm KCl, 1 mm
MgCl, 3 mm CaCl salts, and 10 mm HEPES in 20% glucose solution (pH
7.4)] at room temperature. Superfusion removes extracellular dye and
allows for the deesterification of the fura 2-AM.

At the beginning of every series of experiments, KCl or vehicle control
was administered. A sharp rise in the calcium transient induced by KCl
indicated that the cells were healthy and could be used for data collec-
tion, and baseline stability in response to vehicle control indicated re-
liability of the cellular response.

A Zeiss Axiovert 100 inverted microscope with illumination by a Til
Photonics Polychrome II Monochromator was used (Applied Scientific
Instrumentation, Eugene, OR), with excitation measured at 340 and 380
nm and emission measured at 520 nm. Images were obtained using a
charge-coupled device video camera. Image acquisition and analysis
was performed using the Metamorph/Metafluor 5.0 Imaging System
(Universal Imaging Corp., Downingtown, PA). Temperature was main-
tained between 30 and 32 C throughout the experiment. Calcium cali-
bration was performed using a calcium calibration buffer kit (Invitrogen,
Carlsbad, CA), and all analysis was performed on the raw free calcium
concentration data.

Baseline calcium fluorescence ratio was obtained with PSS superper-
fusion followed by 3-min infusions of 10 um KA. KA, at this concen-
tration, elicited a calcium response in hippocampal cells, yet resulted in
a low percentage of cell death. PSS was then superfused for 4-5 min to
allow for complete clearance of the KA. Receptor antagonists at 100 um
concentrations, including 1) the NMDA receptor antagonist, MK801; 2)
the AMPA /kainate antagonist, 2,3-dihydroxy-6-nitro-7-sulfamoylben-
zo(f)quinoxaline (NBQX); 3) the L-type VSCC antagonist, diltiazem; and
4) the specific calcium-permeable AMPA receptor antagonist, 1-naph-
tylacetylspermine trihydrochloride (NAS), were then superfused for 4
min. NBQX, diltiazem, and MK801 were obtained from Sigma (St. Louis,
MO), and NAS was a gift from Akira Isokawa (Daicel Chemical Indus-
tries, Ltd., Fort Lee, NJ). After this, a combination of 10 um KA and 100
uM of each antagonist or combination of antagonists was applied for 3
min. All antagonists were administered at a dose (100 umM) determined
to saturate all receptors and that was 10-fold greater than the concen-
tration of the agonist. Each series of experiments with antagonists was
performed on separate coverslips so that cells were exposed to only one
antagonist to eliminate a potential confound due to the order of drug
application. Ratiometric measures were obtained every 5-30 sec

DIVO DIV2 DIV 3 DIV4 DIVé6 DIV7 DIVS DIV10
E18 E20 E21 E22/PN0O PN2 PN3 PN4 PN6
&
Fia. 1. Schematic representation of
days in vitro examined and the theoret- i . .
ical correlation with postnatal day. Estradiol or Imaging with Imaging with Imaging with
DMSO Vehicle ParaZaMl,  FurabAM Fura2AM
treated media T
Estradiol or DMSO .
vehicle (3p1) added Estradiol or DMSO
to media vehicle (3ul) added to
media
T 1 ml media
1 ml media removed/replaced
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throughout the experimental paradigm. Cells were excluded from anal-
ysis if their baseline ratio was greater than 0.9, which might be indicative
of an unhealthy cell, if the ratio did not return to baseline after either KA
or antagonist perfusion, or if there was an indication of cell death with
a precipitous drop in ratio to below baseline.

Cells were classified as responders or nonresponders depending on
the size of the KA-induced rise in intracellular calcium. A more than 10%
rise in intracellular calcium had been designated as threshold in prior
imaging experiments because anything below that was deemed unre-
liable (35). Only cells responding with a more than 10% rise in intra-
cellular calcium were analyzed further. Parameters analyzed were the
percentage of cells that responded with an increase in intracellular
calcium concentration more than 10% above baseline, the percent in-
crease in calcium influx measured from baseline to peak amplitude, the
rise time measured as the amount of time for the calcium transient to rise
to 10% above baseline, the peak time measured as the amount of time
for calcium to rise to its highest amplitude, and the recovery time
measured by the amount of time for the calcium concentration to decline
to 50% of the peak. Based on the heterogeneity of the observed KA-
induced response, analysis was performed on the responses of individ-
ual cells (n = 300-600 neurons).

Statistics

A two-way ANOVA was performed on measures of peak KA-in-
duced calcium concentration, rise time, peak time, and time to recovery
with an a priori analysis of treatment by age, followed by post hoc Fisher’s
least significant difference comparisons with a level of P < 0.05 required
to obtain statistical significance and multiple Student’s ¢ tests with a
Bonferroni correction (36). A x* test was performed on numbers of cells
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responding to KA in each treatment group. Additional two-way ANO-
VAs were conducted on data obtained from antagonist experiments at
two separate ages, DIV4 and DIV8, with analysis of calcium influx from
KA alone vs. KA with antagonist. A separate ANOVA was conducted
on data at each age to compare differences between antagonists. A linear
regression analysis of baseline intracellular calcium concentration and
Kolmogorov-Smirnov test on data from KA-induced change in intra-
cellular calcium concentration at DIV4 were also performed.

Results

Baseline intracellular calcium concentration in
hippocampal neurons

Heterogeneity in the response of cells to KA was observed,
and a frequency histogram was generated to characterize the
responses of cells (Fig. 2A). In a large percentage of cells, the
rise in intracellular calcium after KA was less than 10%.
These were considered nonresponders and were eliminated
from further analyses. The responding cells were those with
KA-induced rises in intracellular calcium of more than 10%.
A representative pseudocolored micrograph of DIV4 neu-
rons at baseline and in response to KA is presented in Fig. 2B.

Baseline differences in intracellular calcium concentra-
tions may bias results obtained from fluorescent imaging. To
determine whether there was a difference in baseline calcium
between vehicle- and estradiol-treated hippocampal neu-
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rons, the baseline calcium concentrations of neurons from 10
experiments were obtained and analyzed using a one-way
ANOVA for each age. There was no significant difference in
baseline intracellular calcium levels between vehicle- and
estradiol-treated neurons at DIV4 (F, ,5, = 0.121, P = 0.73),
DIV6 (F; 30, = 0.132, P = 0.72), DIV8 (F; 546 = 1.61, P = 0.21),
or DIV10 (F, 5,4, = 1.67, P = 0.21; data not shown). Baseline
mean intracellular calcium in vehicle-treated neurons ranged
from 62.02 = 7.8 to 84.76 * 8.7 nM and in estradiol-treatment
neurons ranged from 59.25 + 9.0 to 83.15 * 9.5 nm.
Variability in baseline intracellular calcium was noted in
both estradiol- and vehicle-treated cells. Prior data suggests
that hippocampal and cortical neurons and glial cells exhibit
heterogeneity in baseline calcium levels (37-39). Baseline
intracellular calcium varies according to cell type with cells
in CA3 exhibiting higher baseline calcium concentration than
those in CA1l and dentate gyrus and is higher in dendritic
spines than in the soma (40, 41). Immature cortical and hip-
pocampal pyramidal cells and interneurons also exhibit vari-
ability in baseline associated with spontaneous oscillatory
activity (39, 42). Because our cultures were made from whole
hippocampus, the mix of cell types may have contributed to
the variability observed. To examine whether there was a
correlation between baseline calcium concentration and the
KA-induced change in calcium concentration, we performed
a linear regression analysis on data from both vehicle- and
estradiol-treated neurons (data not shown). There was a sig-
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nificant correlation between baseline calcium concentration
and the change in the calcium concentration due to KA in
both vehicle-treated (r* = 0.06; P < 0.005) and estradiol-
treated (r* = 0.17; P < 0.0001) neurons; however, the two
regression lines did not differ (P > 0.05). Even though a
statistical correlation was observed, it is important to note
that variance in baseline accounted for only 5.5% of the
variance in the peak amplitude of the transient in vehicle-
treated cells and 16.9% in estradiol-treated cells. Nonethe-
less, to eliminate this confound, baseline calcium concentra-
tion was subtracted from the peak amplitude of the KA-
induced calcium transient in all remaining analyses.

Developmental changes in neuronal response to KA

Between 300 and 500 neurons (12-20 cells per field from
13-18 coverslips spanning six to 14 cultures from six to 14
individual pregnant females) were imaged at each age; how-
ever, only those cells responding to KA were included in the
analysis. Pretreatment of dissociated hippocampal cultures
with estradiol vs. vehicle significantly decreased the percent-
age of cells responding to KA with a peak amplitude of
greater than 10% at DIV4 (n = 68-159, x> = 5.86, P < 0.025;

3A). There was no significant effect of estradiol at DIV6
(Xg— 3.06; P = 0.1), DIV8 (x> = 0.8; P = 0.1), or DIV10 (x*
= 0.004; P = 0.1). There was also no significant difference
between estradiol treatment and vehicle-treated hippocam-
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pal cells with respect to the other parameters measured,
including rise time of the calcium influx, time to peak in-
tracellular calcium, and recovery time (data not shown).

A developmental increase in the magnitude of the calcium
transient in both estradiol- and vehicle-treated hippocampal
neurons in response to KA was observed between DIV4 and
DIV10 (two-way ANOVA, F; ,,5 = 7.96; P < 0.0001; Fig. 3B),
but there was no effect of estradiol treatment (F;,5 = 0.53,
P = 0.47), nor was there an interaction (F; ;,5= 1.95; P = 0.12).
There was a 27% increase in the peak amplitude of the KA-
induced calcium transient in vehicle-treated cells (n = 77—
159) from DIV4 to DIV10 (Fisher’s least significant difference
test, P < 0.05) and a 76% increase from DIV6 to DIV10 (P <
0.01). A developmental increase in the peak amplitude of the
calcium transient was also noted in estradiol-treated cells
(n = 68-122) with a 73% increase from DIV4 to DIV10 (P <
0.01) and a 34% increase from DIVS8 to DIV10 (P < 0.05).

The magnitude of the KA-induced calcium transient

To analyze the effect of estradiol treatment on the mag-
nitude of the calcium transient, a Student’s t test for inde-
pendent samples was performed for each age group (36). A
Bonferroni-Dunn correction for multiple Student’s f tests was
performed, and P < 0.01 was required for significance. A
significant difference in the amplitude of the KA-induced
calcium transient between vehicle- and estradiol-treated
neurons was noted on DIV4 only (t = 2.75; P < 0.01, Fig. 3B).
There was no difference in the amplitude of the KA-induced
calcium transient between vehicle- and estradiol-treated
neurons on DIV6, DIVS, or DIV10.

To more clearly delineate the difference in the peak am-
plitude of the KA-induced calcium transient between vehi-
cle- and estradiol-treated cells, a cumulative probability
curve for each age was developed. A significant leftward
shift in the probability of low calcium influx responses to KA
was observed in estradiol-treated hippocampal neurons
compared with vehicle on DIV4 only (K-S; P < 0.01; Fig. 4).
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Fi1G. 4. Cumulative probability distribution for the change in peak
amplitude of the KA-induced calcium concentration at DIV4. There is
a leftward shift toward greater probability of smaller calcium tran-
sient responses in estradiol-treated cells compared with vehicle (K-S;
P < 0.01).
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No difference was noted at any other age. This suggests that
estradiol shifts the neuronal response to KA to include a
higher percentage of cells responding with a smaller ampli-
tude calcium influx compared with vehicle-treated neurons.
In fact, 51% of neurons at DIV4 responded to KA with less
than or equal to a 40-nm rise in the peak amplitude of the
calcium transient. When cultures were pretreated with es-
tradiol, the percentage of neurons responding to KA with
less than or equal to a 40-nm rise in the peak amplitude of
the calcium transient approached 70%. Taken together,
these data indicate that estradiol decreased the percentage
of cells responding to KA on DIV4, decreased the peak
amplitude of the KA-induced calcium transient, and
shifted the population response toward a smaller KA-
induced calcium transient.

Source of KA-induced calcium influx in DIV4 neurons

To explore the possible sources of the KA-induced increase
in intracellular calcium at DIV4, we performed fluorescent
imaging experiments using the AMPA /kainate receptor an-
tagonist, NBQX, the specific polyamine-sensitive AMPA re-
ceptor antagonist, NAS, the NMDA receptor antagonist,
MKS801, and the L-type VSCC blocker, diltiazem. Data were
generated from 100-200 neurons imaged from six to 12 cov-
erslips from three to five independent cultures per each sep-
arate experiment. A representative trace of fluorescence ratio
signals from individual E18 DIV4 neurons to KA and dilti-
azem is provided in Fig. 5. Separate two-way ANOV As were
conducted on data generated from the intracellular calcium
concentration for each responding neuron. The analysis for
each antagonist and combination of antagonists adminis-
tered on DIV4 revealed a significant effect of antagonism on
KA-induced calcium influx but no effect of estradiol on the
antagonism. Therefore, data for estradiol- and vehicle-
treated hippocampal neuronal cultures were combined and
are presented as percentage of peak amplitude of KA-in-
duced intracellular calcium (Fig. 6A). Further analysis to
compare the effect of each antagonist vs. the combination of
antagonists was performed on the grouped data.

At DIV4, the AMPA /kainate receptor antagonist, NBQX
(n = 79), reduced calcium influx by 61% compared with KA
alone (F, ;53 = 17.71; P < 0.0001). The polyamine-sensitive
AMPA receptor antagonist, NAS (n = 122), produced a com-
parable 59% reduction in KA-induced calcium (F, ,,3 = 28.02;
P < 0.0001). In contrast, the NMDA antagonist, MK801 (n =
78), did not significantly affect KA-induced calcium influx
(F1 156 = 1.54; P = 0.22). The VSCC blocker, diltiazem, pro-
duced a 69% decrease in calcium influx (F 5o, = 19.79; P <
0.0001). The addition of MK801 to NBQX and diltiazem and
NAS reduced KA-induced calcium concentration compared
with KA alone (n = 63; F, ;,, = 11.67; P < 0.0001) as did the
combination of MK801, NBQX, and diltiazem (data not
shown). When the antagonists were compared with one an-
other, there was no significant difference in reduction in the
peak amplitude of the KA-induced calcium concentration
with the combination of NAS + NBQX + MK801 + diltiazem
compared with NBQX, NAS, or diltiazem alone. These data,
taken together, suggest that KA induced calcium influx
through AMPA receptor-mediated membrane depolariza-
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F1G. 5. Representative tracings of fluorescence ratio
signals from individual neurons treated with KA and
diltiazem. The x-axis represents the time in seconds and
the y-axis represents the 340:380 ratio of fluorescence.
The arrows indicate the approximate time when KA was
administered, followed by washout with PSS; adminis-
tration of diltiazem alone, followed by the combination
of KA and diltiazem.

tion, leading to opening of the L-type VSCCs. The fact that
NAS was equally potent as NBQX suggests this effect may
be mediated by spermine-sensitive AMPA receptors. Nev-
ertheless, NAS was not more effective than diltiazem, sug-
gesting that KA induces minimal calcium influx directly
through AMPA receptors in contrast to influx through the
L-type channels resulting from AMPA receptor-mediated
depolarization. This supports the hypothesis that the main
mechanism of KA-induced intracellular calcium at DIV4 is
through AMPA receptor-mediated depolarization, resulting
in influx through VSCCs.

Source of KA-induced calcium influx in DIV8 neurons

To determine whether developmental age affects the route
of KA-induced calcium influx, experiments were repeated on
DIV8 hippocampal neurons. Data were generated from 100—
200 neurons for each separate experiment from five to 11
coverslips from three to six independent cultures. Separate
two-way ANOVAs were conducted on data generated from
the intracellular calcium concentration of neurons in re-
sponse to administration of each antagonist and combination
of antagonists administered on DIV8. Analysis revealed a
66% reduction in calcium influx by NBQX (n = 75; F; 149 =
22.76; P < 0.0001), a comparable 67% reduction by the poly-
amine-sensitive AMPA receptor antagonist, NAS (n = 123;
F; 545= 32.11, P < 0.0001), and a 30% reduction by MK801
(n =139; F, 574 = 3.73; P < 0.05). In striking contrast to DIV4,
however, diltiazem did not significantly affect KA-induced
calcium influx (n = 127; F; 553 = 0.68; P = 0.41). The com-
bination of NAS, NBQX, MK801, and diltiazem resulted in a
73% reduction in KA-induced calcium compared with KA
alone (n = 67; F, 133 = 35.51; P < 0.0001; Fig. 6B) as did the
combination of NBQX, MK801, and diltiazem (data not
shown). When the various antagonists were compared with
one another, there was a significant difference in blockade by
administration of the combination of NAS + NBQX +
MKS801 + diltiazem compared with MK801 or with diltiazem
alone (F, 4o,= 3.77; P < 0.05) but not compared with NBQX
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or NAS alone (P = 0.42). Taken together, these data suggest
a shift in the source of KA-induced calcium influx from
voltage-gated calcium channels early in development to in-
clude NMDA receptors and calcium-permeable AMPA re-
ceptors later in development.

Discussion

We report here an increase in free intracellular calcium in
rat hippocampal neurons in vitro in response to KA at ages
that are roughly equivalent to the 1st week after birth, con-
sistent with previous data demonstrating functional gluta-
mate receptors early in development (43-45). KA-induced
intracellular calcium increased with developmental age from
DIV4 through DIV10, associated with previously reported
developmental increases in glutamate binding and expres-
sion of glutamate receptor subunits, as well as increases in
synaptic activity during the 1st postnatal week (46, 47). Pre-
treatment with estradiol for 48 h reduced the KA-induced
calcium response by almost 29% and reduced the percentage
of cells responding to KA by approximately 20% on DIV4
only.

Calcium influx after exposure to KA on DIV4 occurred
predominantly through AMPA receptor-mediated depolar-
ization and subsequent activation of diltiazem-sensitive,
voltage-dependent calcium channels. These AMPA recep-
tors could be blocked by NAS, a specific antagonist of GluR2-
lacking calcium-permeable AMPA receptors. No significant
contribution through the NMDA receptor could be detected
based on the selective use of MK801 as an antagonist. The
combination of antagonists to AMPA receptors, NMDA re-
ceptors, and L-type VSCCs did not fully block calcium influx,
with approximately 20-30% of the KA-induced calcium in-
flux persisting. Possible explanations for this residual KA-
induced calcium include: 1) calcium influx through NBQX-
resistant kainate receptors, 2) incomplete blockade of kainate
receptors by NBQX, or 3) release of calcium through internal
stores via activation of metabotropic receptors.

KA binds to both AMPA and kainate receptors. Neuronal
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AMPA receptors typically require 50 um for saturation (48),
whereas kainate receptors activate at a concentration as low
as 0.5 uM (49, 50). The current dose of KA (10 um) might
preferentially bind to kainate receptors over AMPA recep-
tors, resulting in influx of calcium through the kainate re-
ceptor (51). In addition, the competitive antagonist, NBQX,
preferentially inhibits AMPA over kainate receptors (51, 52)
with a 30-fold greater potency for AMPA vs. kainate binding
sites (52). At the dose used (100 um), NBQX blocks approx-
imately 95% of the AMPA receptors but exerts only a partial
blockade of the kainate receptor. The combination of pref-
erential activation and partial antagonism of kainate recep-
tors may explain the lack of complete inhibition of calcium
influx by NBQX alone or all antagonists combined.

The residual calcium may also be due to release of calcium
through internal stores. We have observed glutamate-in-
duced release of calcium from internal stores via activation
of metabotropic glutamate receptors (Hilton, G. D., J. L.
Nufiez, L. L. Bambrick, S. M. Thompson, and M. M. Mc-
Carthy, unpublished data). In adults, KA-induced seizure
activity has been shown to involve metabotropic receptors,
resulting in neuronal damage (53, 54). Developmentally,

mRNA and protein for all metabotropic receptors are present
in the hippocampus by the day of birth (55-57). NBQX does
not interact with metabotropic receptors and would not be
expected to block internal calcium release secondary to KA
(58); therefore, any contribution to the KA-induced calcium
transient by release of internal calcium might contribute to
the residual calcium observed.

Comparison of the antagonism of KA-induced calcium
influx by NBQX vs. NAS indicates the effects were essentially
identical, suggesting that a large portion of AMPA receptors
at this age lack GluR2 subunits and hence may be calcium
permeable. If this were true, however, one would anticipate
that antagonism of KA-induced calcium with NAS would be
significantly greater compared with antagonism with dilti-
azem, but it was not. Two explanations are possible: 1) NAS,
at the dose used, blocked some nonpolyamine-sensitive
AMPA receptors; or 2) the actual amount of KA-induced
calcium through the polyamine-sensitive AMPA receptor
was negligible and hence not detected. In adults, a subpopu-
lation of hippocampal neurons shows intermediate sensitiv-
ity to blockade by NAS, raising the possibility that sensitivity
to NAS is determined not just by the presence or absence of
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the GluR2 subunit but also by the ratio of subunits within the
receptor complex (59, 60).

On DIVS8, a developmental change in the neuronal re-
sponse to KA was observed. KA-induced calcium influx was
reduced by NMDA receptor and calcium-permeable AMPA
receptor antagonists, with almost no contribution of the
VSCCs. Once again, we were unable to completely block
KA-induced calcium transients, but the magnitude of the
residual was not different from DIV4.

In adults, estradiol is neuroprotective against excitotoxic
and ischemic injury both in vivo and in vitro (13-15, 61, 62).
Estradiol also protects against KA-induced injury, with the
severity of damage negatively correlating to hormonal levels
(63-65). In this study, hippocampal neurons were mixed
male and female. We previously reported that KA-induced
damage selectively in neonatal females and that estradiol
prevented this damage (32, 33) Our goal here was to begin
to understand how estradiol acts on immature hippocampal
neurons to gain insight both into the mechanisms by which
estradiol impacts normal hippocampal development and its
neuroprotective actions. We observed a suppression of the
neuronal responses to KA in estradiol-treated cells, with a
decrease in the peak amplitude of the KA-induced calcium
transient as well as an increase in the percentage of cells that
fail to respond with calcium influx on roughly the equivalent
of the day of birth. Estradiol had no effect on KA-induced
intracellular calcium at any later point in development, high-
lighting a restricted effective period for estradiol on this
parameter.

A number of mechanisms for the neuroprotective effect of
estradiol have been proposed including regulation of mem-
bers of the apoptotic cascade, resulting in modulation of cell
death (62); increased expression of neurotrophins, resulting
in increased cell survival and differentiation (8); regulation
of the MAPK and phosphatidylinositol 3-kinase/protein ki-
nase B signaling cascade (66, 67); and its action as a reactive
oxygen species scavenger (68, 69). Estradiol has been shown
to increase mitochondrial sequestration of calcium (9, 10, 67),
attenuate glutamate-induced intracellular calcium influx in
cultured hippocampal neurons (70), and decrease intracel-
lular calcium induced by 3-nitropropionic acid in cerebral
endothelial cells (71). The effects of estradiol on calcium
influx differ according to age. Modulation of calcium-de-
pendent processes is seen in juvenile tissue but not aged
neurons (72). In older hippocampal slices, short-term, sup-
raphysiologic levels of estradiol increase kainate-mediated
currents in CA1 cells (73).

Estradiol also directly affects glutamatergic receptor func-
tion by down-regulating NMDA receptor-mediated excita-
tory amino acid binding (17, 74), altering NMDA subunit
expression (75, 76), and reducing calcium influx through
L-type VSCCs (69, 77). Variations in hormonal levels have
also been associated with differences in expression of sub-
units of the AMPA receptor (78, 79) in an area-specific man-
ner (76, 80, 81). Either of the latter two mechanisms could
account for the observation that estradiol decreased the per-
centage of cells responding to KA and reduced the average
size of the calcium transient. It is also possible that fewer cells
respond to KA because of an estradiol-mediated decrease in
neuronal viability. Previous data from our lab, however,
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indicate estradiol does not decrease neuronal viability but
instead increases survivability in dissociated hippocampal
cultures (33, 34).

The mechanisms underlying hypoxic/ischemic injury in
the newborn are complex and have not been clearly delin-
eated. Consequently, therapeutic regimens focus on support-
ive care and do not address mechanisms of cell death and
neuronal injury (82-85). Although we have shown that es-
tradiol may reduce KA-induced intracellular calcium, we
have not provided direct proof that these calcium changes
result in the neuroprotection observed in vivo (32, 33), nor we
were able to observe estradiol-mediated regulation of cal-
cium influx specifically through ionotropic glutamate recep-
tors or VSCCs. Instead, these results may speak to general
mechanisms of calcium regulation during hippocampal de-
velopment and the possible role of gonadal steroids in neu-
ronal maturation.
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Growth Hormone Society Research Fellowships 2006

The Growth Hormone Research Society intends to award two Research Fellowships in 2006 to promote
international exchange of scientific and clinical research expertise in any area of GH-related research. Awards
of US$ 50,000 will provide personal salary support and travel costs for a post-doctoral scientist or clinical
training fellow wishing to pursue a research project for one year in a host institution of their choice.

For further details and an application form, see the GRS web site at http://www.GHresearchsociety.org or
contact the GRS office at grs@ AFDM.AU.DK. The closing date for receipt of applications is May 31, 2006.
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