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ABSTRACT The neuroprotective effects of 17b-estradiol (E2) were investigated
using an in vitro model of traumatic brain injury in which cortical neuronal cultures
were subjected to mechanical strain-injury. The rise in intracellular calcium ([Ca2+]i)
following neuronal injury was reduced by addition of 10 or 100 nM E2 to the cultures
immediately following injury. Neuronal damage was measured 24 h after injury by
propidium iodide uptake and cell viability by carboxyfluorescein diacetate uptake.
Addition of 1, 10, or 100 nM E2 to cell cultures immediately following injury decreased
neuronal damage and increased neuronal viability compared to vehicle-treated neu-
rons. These results demonstrate the neuroprotective activity of E2 in an in vitro model
of neuronal injury, and suggest that such effects may be related to the ability of E2 to
modulate [Ca2+]i. Synapse 60:406–410, 2006. VVC 2006 Wiley-Liss, Inc.

The neuroprotective role of 17b-estradiol (E2)
against apoptotic and necrotic neuronal death
induced by chemical toxins and by ischemia, both in
vivo and in vitro, has become a promising area of
research (Alkayed et al., 2001; Green and Simpkins,
2000; Jover et al., 2002). The cellular mechanisms of
E2 neuroprotection against these insults are not com-
pletely understood, but may be associated with inhibi-
tion of neuronal calcium currents and subsequent
reduction in [Ca2+]i (Chaban et al., 2003; Chen et al.,
1998; Kurata et al., 2001; Mermelstein et al., 1996).
Additional possible mechanisms include improved cer-
ebral blood flow (Pelligrino et al., 1998), antioxidant
activity (Stein, 2001), and induction of antiapoptotic
transcriptional mechanisms (Stein, 2001; Wise et al.,
2001). However, relatively few studies have directly
examined the possible neuroprotective effects of E2 in
traumatic brain injury, and no previous studies have
examined the ability of E2 to prevent or reduce the
damaging rise in intracellular calcium levels that
occurs following brain trauma. Therefore, the present
study was carried out to examine the effects of E2 on
neuronal intracellular calcium levels and cell viability

following mechanical strain injury in an in vitro
model of traumatic brain injury. The results support
previous findings that indicate neuroprotective activ-
ity by E2 and the possibility that such effects may be
mediated by E2 effects on calcium homeostasis after
injury.

Mixed gender neuronal–glial cell cultures were pre-
pared from cortices from 1- to 2-day-old male and
female Sprague-Dawley rat pups as described previ-
ously (Floyd et al., 2005). Briefly, an astrocyte mono-
layer was cultured for 14 days to confluency, and then
replated onto collagen-coated 25 mm diameter Flex-
Plate1 wells for 7 days (Flexcell International, Hills-
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bourough, NC). Then, a neuronal layer was plated
onto the astrocyte monolayer, and the antimitotic
agent 5-fluoro-20-deoxyuridine (FUDR; 5 ml/ml) was
added to the culture medium to suppress further glial
proliferation and enhance development of the neuro-
nal layer. These mixed neuronal/astroglial cultures
were used in neuronal injury studies at 11–14 days in
vitro (DIV) after neuronal plating.

Water soluble E2 was prepared in sterile water (10 mM,
17b-estradiol, cat# E4389, SIGMA, St Louis, MO),
and added to the cell culture wells to achieve final
concentrations of 1, 10, or 100 nM. Distilled water
was used as a vehicle control. Drug treatments were
randomly assigned to individual FlexPlate1 culture
wells, with a minimum of three wells examined under
each treatment condition. Mechanical strain injury
was produced using the Model 94A Cell Injury Sys-
tem (Bioengineering Facility, BA Commonwealth
Univ., Richmond, VA) as described in previous studies
(Ellis et al., 1995; Floyd et al., 2005). Briefly, the
media in the cell culture well were replaced with
warm (378C) 0.1 M PBS (phosphate buffer saline)
supplemented with 30% glucose. Then the cultured
neurons growing on the FlexPlate silastic membrane
were rapidly and transiently deformed by a calibrated
50-ms pressure pulse of compressed gas introduced
into the well. This pressure pulse was selected to
deform the membrane by 5.5 mm in order to produce
approximately a 40% neuronal loss (Floyd et al.,
2001; Weber et al., 1999). This in vitro cell injury pro-
cedure was designed to model neuronal injury that
occurs in humans after rotational acceleration/decel-
eration brain injury (Ellis et al., 1995; Meaney et al.,
1995).

Changes in levels of [Ca2+]i in cultured cortical neu-
rons were measured before and after mild cell injury
using the ratiometric fluorescent calcium indicator,
Fura-2-AM. The protocol was adapted from previous
studies (Floyd et al., 2005). Briefly, cultures were
washed in DPBS and then incubated with 1 ml of
5 mM Fura2-AM (Molecular Probes Inc., Eugene, OR)
in DPBS at 378C for 1 h. After incubation, cultures
were washed once with DPBS and media replaced
with 1 ml of DPBS supplemented with 30% glucose.

Imaging was carried out using a Nikon E-600 fluo-
rescence microscope (Nikon E-600, Tokyo, Japan),
TILL Photonics monochromator (Grafelfing, Ger-
many), and an Orca II-ER CCD camera (Hamamatsu
Photonics, Japan). Preinjury [Ca2+]i baselines were
established, and then imaged every 5 s for 10 min af-
ter strain injury. Changes in [Ca2+]i following injury
and drug treatment were expressed as percent of pre-
injury baseline. Data were presented as mean 6
SEM. Data were analyzed by ANOVA, followed by
Duncan post hoc group comparisons (version 11.5,
SPSS, Inc. Chicago, IL). Each experimental condition
was repeated three times.

In separate culture wells, neuronal damage was
measured 24 h after injury by counting the numbers of
neurons stained with propidium iodide (PI), while neu-
ronal viability was indicated by the numbers of neu-
rons taking up carboxyfluorescein diacetate (CFDA)
(Molecular Probes Inc., Eugene, OR). Briefly, 5 ml of PI
and CFDA, prepared from stock solutions as previously
described (Floyd et al., 2005), were added to each cul-
ture well for 15 min. Stained neurons were observed at
200� by laser confocal microscopy (Zeiss LSM 510,
Carl Zeiss AG, Germany), at excitation wavelengths of
563 nm for PI and 488 nm for CFDA. Stained neurons
were counted in five randomly selected views (South,
North, West, East, and Center of the well) of each well.
The percentages of PI- and CFDA-positive neurons of
the total number of neurons counted (i.e., CFDA + PI)
were calculated. Neurons were differentiated from
astrocytes based on general morphology, including an
ovoid, pyramidal or fusiform soma, and multiple neu-
rite outgrowths, as well as their position in the Z-plane
on the astrocyte bed.

Figure 1 shows a representative set of calcium
imaging traces showing the large increase in [Ca+2]i
in vehicle-treated control cultures following strain
injury. Neurons treated with 10 nM or 100 nM E2
showed only small increases in peak [Ca2+]i, that rap-
idly returned to baseline. The effects of 1 nM E2 on
the rise in [Ca2+]i were of much lower magnitude. Fig-
ure 2 summarizes the effects of strain injury and
postinjury addition of vehicle or E2 to neuronal/glial
cultures on peak levels of neuronal [Ca2+]i. Addition
of E2 did not significantly alter levels of [Ca2+]i in the
absence of injury at any concentration (F3,12 ¼ 1.59,
P > 0.24), although there was an apparent nonsignifi-
cant decrease in [Ca2+]i following treatment with

Fig. 1. Representative calcium imaging traces demonstrating
the pattern of changes in [Ca2+]i following neuronal injury and
treatment with vehicle or E2. The rise in [Ca2+]i following strain
injury in vehicle-neurons was immediate and stable across the
10 min of imaging.
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100 nM E2. Following strain injury, there was a large
and immediate increase in levels of [Ca2+]i in vehicle-
treated neurons that was sustained for the duration
of the calcium imaging period (i.e., 10 min postin-
jury). Addition of E2 at 10 nM and 100 nM, but
not at 1 nM, immediately after injury significantly
(F3,12 ¼ 3.60, P < 0.05) decreased peak [Ca2+]i levels
after strain injury when compared to vehicle treat-
ment (P < 0.05).

As shown in Figure 3A, after mechanical strain
injury, the percentage of CFDA-positive viable neu-
rons was reduced to approximately 66% of the total
number of neurons counted in vehicle-treated cul-
tures (i.e., CFDA + PI stained neurons). In contrast,
approximately 90% of the neurons were CFDA-posi-
tive in wells treated with E2 immediate postinjury.

This difference between E2 treated and vehicle-
treated neurons was statistically significant (F3,8 ¼
9.9, P < 0.005) at each of the three concentrations
tested (P < 0.05 each). Figure 3B presents the com-
plementary data for the percentage of PI-stained
injured neurons, where it can be seen that approxi-
mately 36% of injured neurons in the vehicle-treated
group showed PI staining. Treatment with E2 signifi-
cantly reduced the percentage of injured neurons
stained with PI to approximately 10% or less com-
pared to the vehicle control for each of the three con-
centrations of E2 tested.

Neuroprotection was found with exposure of me-
chanically injured neurons immediately after injury
to E2 concentrations as low as 1 nM. This is consist-
ent with previous reports that even sub-nM concen-
trations of E2 can be neuroprotective against gluta-
tmate excitotoxicity in hippocampal cultures (Ba
et al., 2004; Wu et al., 2005). Similar neuroprotective
effects of E2 have been reported in several previous
studies on models of chemical and ischemic induced
neuronal death (Chen et al., 1998; Culmsee et al.,
1999; Harms et al., 2001; Huang et al., 2004; Wang
et al., 1999; Wise et al., 2000). The fact that 1 nM E2
was neuroprotective, but was only partially effective
in reducing the rise in [Ca2+]i after cell injury indi-
cates that a threshold may exist for calcium toxicity
as previously suggested (Yu et al., 2001).

The mechanisms by which estrogen exerts this pro-
tective activity are unclear (Green and Simpkins,
2000; Lee and McEwen, 2001), but may be due to
activation of nuclear estrogen receptors, modulation
of apoptotic cascades (Stoltzner et al., 2001; Wise
et al., 2000), antioxidant activity (Culmsee et al.,
1999; Green and Simpkins, 2000; McEwen, 2001;
Moor et al., 2004), and effects on calcium homeostasis
(Ba et al., 2004; Brinton, 2001). Neuroprotection by
E2 against ischemic injury (Alkayed et al., 2001; Wise
et al., 2000) and against KA-induced injury may be

Fig. 2. Peak intracellular neuronal calcium levels ([Ca2+]i) fol-
lowing mechanical strain injury (% change from baseline). Injury
produced a large increase in [Ca2+]i compared to preinjury baseline.
Exposure to 10 or 100 nM E2 immediately after injury significantly
reduced peak [Ca2+]i compared to vehicle-treated controls, while
effects of 1 nM were not significant. *P < 0.05 vs. vehicle.

Fig. 3. Percentages (6SEM) of viable CFDA-stained neurons (A) and damaged PI-stained neurons
(B) following mechanical strain injury. *P < 0.05 vs. vehicle.
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genomically mediated by activation of estrogen recep-
tors (ER), which can increase expression of the antia-
poptotic protein Bcl-2 (Alkayed et al., 2001; Wise
et al., 2000). Recently 100 pM E2 was found to be
neuroprotective against b-amyloid protein cytoxicity
in SK-N-SH cells (Ba et al., 2004), possibly by alter-
ing the expression of a1C and a1D subunits of L-type
voltage gated calcium channels (VGCC).

Exposure of striatal neurons to E2 has also been
shown to reduce, within seconds, calcium currents car-
ried by L-type, and less strongly by N and P-type
VGCCs (Mermelstein et al., 1996). The effects appear
to be mediated via G-protein activation, suggesting
direct action on a cell surface ion channel or receptor.
Similarly, E2 has been shown to inhibit the rise of
[Ca2+]i in rat hippocampal neurons induced by NMDA
or K+ depolarization, primarily via modulation of L-
type VGCCs (Kurata et al., 2001). A 5 min exposure of
dorsal root ganglia neurons to 100 nM E2 was shown
to block the rise in [Ca2+]i evoked by ATP activation of
P2X receptors, and this effect was also via inhibition of
L-type VGCCs (Chaban et al., 2003). Moreover, E2 was
shown to attenuate glutamate-induced calcium over-
load in rat hippocampal neurons via a nontranscrip-
tional cell surface membrane receptor mechanism
(Huang et al., 2004). E2 has also been shown to reduce
cell death in an in vitro hippocampal slice model of
global ischemia in gerbils by slowing the rate of
increase in [Ca2+]i and lowering the peak level of
[Ca2+]i following ischemia. E2 modulated the ischemic-
induced [Ca2+]i rise by inhibiting the influx of Ca2+

from the extracellular space, as well as by inhibiting
the release of Ca2+ from intracellular Ca2+ stores (Chen
et al., 1998). Considered together, these results demon-
strate effects of E2 on nontranscriptional (i.e., nonge-
nomic) calcium signaling pathways, and are consistent
with the ability of nM levels of E2 to rapidly inhibit
the increase in [Ca2+]i. following strain injury to rat
cortical neurons. A reduction in [Ca2+]i after cell injury
may subsequently be neuroprotective by reducing the
levels of necrosis and apoptosis caused by calcium over-
load (Lee et al., 2004; Weber, 2004).

In conclusion, this study demonstrates E2 has neu-
roprotective effects against neuronal damage by me-
chanical strain injury in mixed neuronal/glial primary
cultures. One possible cellular mechanism of the neu-
roprotective actions of E2 is via reduction in the rise
in [Ca2+]i that occurs following mechanical injury.
The acute effects of postinjury treatment with E2 on
[Ca2+]i were immediate, suggesting a nongenomic
effect on modulation of [Ca2+]i after mechanical cell
injury in an in vitro model of brain trauma.

ACKNOWLEDGMENTS

The authors acknowledge Yeung Y. Lo and Ryan M.
Martin for technical assistance.

REFERENCES

Alkayed NJ, Goto S, Sugo N, Joh HD, Klaus J, Crain BJ, Bernard O,
Traystman RJ, Hurn PD. 2001. Estrogen and Bcl-2: Gene induc-
tion and effect of transgene in experimental stroke. J Neurosci
21:7543–7550.

Ba F, Pang PK, Benishin CG. 2004. The role of Ca2+ channel modu-
lation in the neuroprotective actions of estrogen in b-amyloid pro-
tein and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) cy-
totoxic models. Neurochem Int 45:31–38.

Brinton RD. 2001. Cellular and molecular mechanisms of estrogen
regulation of memory function and neuroprotection against Alz-
heimer’s disease: Recent insights and remaining challenges.
Learn Mem 8:121–133.

Chaban VV, Mayer EA, Ennes HS, Micevych PE. 2003. Estradiol
inhibits atp-induced intracellular calcium concentration increase
in dorsal root ganglia neurons. Neuroscience 118:941–948.

Chen J, Adachi N, Liu K, Arai T. 1998. The effects of 17b-estradiol
on ischemia-induced neuronal damage in the gerbil hippocampus.
Neuroscience 87:817–822.

Culmsee C, Vedder H, Ravati A, Junker V, Otto D, Ahlemeyer B,
Krieg JC, Krieglstein J. 1999. Neuroprotection by estrogens in a
mouse model of focal cerebral ischemia and in cultured neurons:
Evidence for a receptor-independent antioxidative mechanism.
J Cereb Blood Flow Metab 19:1263–1269.

Ellis EF, McKinney JS, Willoughby KA, Liang S, Povlishock JT.
1995. A new model for rapid stretch-induced injury of cells in cul-
ture: Characterization of the model using astrocytes. J Neuro-
trauma 12:325–339.

Floyd CL, Rzigalinski BA, Weber JT, Sitterding HA, Willoughby
KA, Ellis EF. 2001. Traumatic injury of cultured astrocytes al-
ters inositol (1,4,5)-trisphosphate-mediated signaling. Glia 33:12–
23.

Floyd CL, Gorin FA, Lyeth BG. 2005. Mechanical strain injury
increases intracellular sodium and reverses Na+/Ca2+ exchange in
cortical astrocytes. Glia 51:35–46.

Green PS, Simpkins JW. 2000. Neuroprotective effects of estrogens:
Potential mechanisms of action. Int J Dev Neurosci 18(4/5):347–
358.

Harms C, Lautenschlager M, Bergk A, Katchanov J, Freyer D, Kapi-
nya K, Herwig U, Megow D, Dirnagl U, Weber JR, Hortnagl H.
2001. Differential mechanisms of neuroprotection by 17b-estradiol
in apoptotic versus necrotic neurodegeneration. J Neurosci 21:
2600–2609.

Huang Y, Huang YL, Zhang S, Zhu YC, Yao T. 2004. Estradiol
acutely attenuates glutamate-induced calcium overload in pri-
marily cultured rat hippocampal neurons through a mem-
brane receptor-dependent mechanism. Brain Res 1026:254–
260.

Jover T, Tanaka H, Calderone A, Oguro K, Bennett MV, Etgen AM,
Zukin RS. 2002. Estrogen protects against global ischemia-
induced neuronal death and prevents activation of apoptotic sig-
naling cascades in the hippocampal CA1. J Neurosci 22:2115–
2124.

Kurata K, Takebayashi M, Kagaya A, Morinobu S, Yamawaki S.
2001. Effect of b-estradiol on voltage-gated Ca2+ channels in rat
hippocampal neurons: A comparison with dehydroepiandroster-
one. Eur J Pharmacol 416:203–212.

Lee LL, Galo E, Lyeth BG, Muizelaar JP, Berman RF. 2004. Neuro-
protection in the rat lateral fluid percussion model of traumatic
brain injury by SNX-185, an N-type voltage-gated calcium chan-
nel blocker. Exp Neurol 190:70–78.

Lee SJ, McEwen BS. 2001. Neurotrophic and neuroprotective
actions of estrogens and their therapeutic implications. Annu Rev
Pharmacol Toxicol 41:569–591.

McEwen BS. 2001. Invited review: Estrogens effects on the brain:
Multiple sites and molecular mechanisms. J Appl Physiol 91:
2785–2801.

Meaney DF, Smith DH, Shreiber DI, Bain AC, Miller RT, Ross DT,
Gennarelli TA. 1995. Biomechanical analysis of experimental dif-
fuse axonal injury. J Neurotrauma 12:689–694.

Mermelstein PG, Becker JB, Surmeier DJ. 1996. Estradiol reduces
calcium currents in rat neostriatal neurons via a membrane re-
ceptor. J Neurosci 16:595–604.

Moor AN, Gottipati S, Mallet RT, Sun J, Giblin FJ, Roque R,
Cammarata PR. 2004. A putative mitochondrial mechanism for
antioxidative cytoprotection by 17b-estradiol. Exp Eye Res 78:
933–944.

Pelligrino DA, Santizo R, Baughman VL, Wang Q. 1998. Cerebral
vasodilating capacity during forebrain ischemia: Effects of chronic
estrogen depletion and repletion and the role of neuronal nitric
oxide synthase. Neuroreport 9:3285–3291.

409EFFECTS OF 17b-ESTRADIOL ON [Ca2+]i

Synapse DOI 10.1002/syn



Stein DG. 2001. Brain damage, sex hormones and recovery: A new
role for progesterone and estrogen? Trends Neurosci 24:386–391.

Stoltzner SE, Berchtold NC, Cotman CW, Pike CJ. 2001. Estrogen
regulates bcl-x expression in rat hippocampus. Neuroreport
12:2797–2800.

Wang Q, Santizo R, Baughman VL, Pelligrino DA, Iadecola C. 1999.
Estrogen provides neuroprotection in transient forebrain ischemia
through perfusion-independent mechanisms in rats. Stroke
30:630–637.

Weber JT. 2004. Calcium homeostasis following traumatic neuronal
injury. Curr Neurovasc Res 1:151–171.

Weber JT, Rzigalinski BA, Willoughby KA, Moore SF, Ellis EF.
1999. Alterations in calcium-mediated signal transduction af-
ter traumatic injury of cortical neurons. Cell Calcium 26:289–
299.

Wise PM, Dubal DB, Wilson ME, Rau SW. 2000. Estradiol is a neu-
roprotective factor in in vivo and in vitro models of brain injury.
J Neurocytol 29(5/6):401–410.

Wise PM, Dubal DB, Wilson ME, Rau SW, Bottner M, Rosewell KL.
2001. Estradiol is a protective factor in the adult and aging brain:
Understanding of mechanisms derived from in vivo and in vitro
studies. Brain Res Brain Res Rev 37(1/3):313–319.

Wu TW, Wang JM, Chen S, Brinton RD. 2005. 17b-estradiol induced
Ca2+ influx via L-type calcium channels activates the Src/ERK/
cyclic-AMP response element binding protein signal pathway and
BCL-2 expression in rat hippocampal neurons: A potential initiation
mechanism for estrogen-induced neuroprotection. Neuroscience
135:59–72.

Yu SP, Canzoniero LMT, Choi DW. 2001. Ion homeostasis and apo-
ptosis. Curr Opin Cell Biol 13:405–411.

410 S. LAPANANTASIN ET AL.

Synapse DOI 10.1002/syn


