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Abstract
Glutamate facilitates calcium influx via NMDAR, and excess calcium influx increases excitotoxicity
– a pathological characteristic of neurological diseases. Both 17β-estradiol (E2) and lithium influence
NMDAR expression/signaling and excitotoxicity. This led us to hypothesize that combined E2 and
lithium will alter NMDAR expression and excitotoxicity. We tested this hypothesis using primary
cell cultures from the cortex and hippocampus of C57BL/6J fetal mice pretreated with E2, lithium
chloride (LiCl) and combined E2/LiCl for 12, 24 or 48 h. We examined cultures for brain cell type
and changes in cell type caused by experimental procedures using glia and neuron gene specific
primers. These cultures expressed increased glial fibrillary acidic protein (GFAP) mRNA with low
neurofilament-heavy chain (NF-H) mRNA expression. Subsequent analysis of cortical cell cultures
indicated that combined E2/LiCl decreased NR1 mRNA expression after a 12 and 48 h treatment
period. Combined E2/LiCl also reduced NR1 mRNA expression in hippocampal cultures but only
after a 48 h treatment period. LiCl-treated hippocampal cultures also reduced NR1 mRNA expression
after a 24 and 48 h treatment. We next examined the response of 48 h pretreated cultures to a toxic
level of glutamate. Excitotoxicity was measured using fluorescein diacetate/propidium iodide (FDA/
PI) cell viability assay. Results from FDA/PI assay revealed that LiCl pretreatment increased viability
for cortical cultures while E2 and combined E2/LiCl reduced viability. All pretreatments for
hippocampal cultures failed to increase viability. Our results showed combined E2/LiCl reduced
NR1 mRNA and prevented protection against glutamate excitotoxicity in glial primary cultures.
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1. Introduction
Estrogen-mediated neurobiological processes are involved in a myriad of signal transduction
pathways. These pathways result in enhancing synaptic plasticity (Leranth et al., 2002),
reducing apoptotic activity in cortical neurons (Honda et al., 2001), regulating neurotrophic
factors (Solum and Handa, 2002), and facilitating transcription factor activation – e.g. cAMP
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response element binding protein (CREB) (McEwen, 2001). Estrogen is considered an
activating agent in N-methyl-D-aspartate receptor (NMDAR) signaling pathways (Jelks et al.,
2007), and NMDAR forms a heteromeric glutamate receptor composed of the subunits NR1,
NR2A-D and NR3 (Stephenson, 2001). Expression of NR1, NMDAR critical subunit, is
increased in estrogen-induced primary hippocampal neuronal cell cultures (Jelks et al., 2007).
Similar cultures show increased levels of intracellular calcium, mediated by the activation of
L-type calcium channels, which in turn promote signaling pathways that activate/
phosphorylate CREB. This activation/phosphorylation promotes anti-apoptotic events (Wu et
al., 2005). Estrogen also facilitates a transient activation of glycogen synthase kinase-3beta
(GSK-3β). Estrogen receptor-α, when bound by its ligand estrogen, forms a complex with
GSK-3β that facilitates regulation of beta-catenin transcriptional properties (Cardona-Gomez
et al., 2004). Estrogen receptor-α response element binding relies on GSK-3β phosphorylation
and this phosphorylation is inhibited in the presence of lithium (Medunjanin et al., 2005).
Contrary to this synergistic relation of estrogen receptor-α and GSK-3β, other studies show
estrogen facilitating an inhibition of GSK-3β. This inhibition is dependent on kinase
phosphorylation mediated by estrogen receptor signaling (Goodenough et al., 2005).
Interestingly, GSK-3β activity influences NMDAR signaling and NMDAR subunit expression.
Electrophysiological studies using mouse hippocampal slices report that GSK-3β activity is
increased during long-term depression. This increase reduces during NMDAR-mediated long-
term potentiation (Peineau et al., 2007). Selective GSK-3β inhibitors also reduce NMDAR
synaptic currents and receptor internalization in cortical cell cultures. Cultures expressing a
knockdown of GSK-3β exhibit similar effects (Chen et al., 2007).

Over a decade has passed since Klein and Melton (1996) demonstrated lithium specifically
inhibiting GSK-3β. This inhibition is associated with reducing apoptotic activity (Hongisto et
al., 2003), increasing neurotrophic factors (Angelucci et al., 2003), and facilitating CREB DNA
binding (Grimes and Jope, 2001; Ozaki and Chuang, 1997). Though the mechanism remains
elusive, lithium indirectly inhibits GSK-3β by activating protein kinases that phosphorylate
GSK-3β at serine 9 and/or by inactivating phosphatases that remove this phosphate group
(Jope, 2003). Direct inhibition involves lithium acting as a competitive inhibitor of magnesium;
magnesium being a cofactor for ATP in GSK-3β activation (Ryves and Harwood, 2001). Aside
from lithium's inhibitory action on GSK-3β, there is an indirect effect on NMDAR signaling
pathway. This involves reducing phosphorylation/activation of Src tyrosine kinases,
potentially affecting any NMDAR-regulated excitotoxicity. Phosphorylation of NR2 subunits
of NMDAR by Src tyrosine kinases is essential for the receptor's signal transduction activity
(see Hashimoto et al., 2003). Using lithium-treated rat cerebral cortex neurons, Hashimoto et
al. (2003) demonstrated that phosphorylated levels of Src tyrosine kinase is decreased in a
time-dependent fashion. Lithium, however, does not seem to influence NMDAR subunit
protein expression (Nonaka et al., 1998).

NR1 expression increases in estrogen-treated primary hippocampal neuronal cultures (Jelks et
al., 2007), and similar cultures also show increase intracellular calcium levels (Wu et al.,
2005). But lithium reduces NMDAR-mediated glutamate excitotoxicity by reducing calcium
influx (Chuang et al., 2002). While NMDAR is classically regarded as a neuronal receptor,
these receptors are also found on cortical astrocytes (Conti et al., 1996). Astrocytes process
the neurotransmitter glutamate to reduce excitotoxic insults to neurons; however, astrocytes
themselves are not as susceptible to excitotoxicity as are neurons (see Matute et al., 2002). In
astrocyte cultures of the rat olfactory bulb, estrogen receptor agonists reduce secretion of
specific markers responsible for inflammatory responses (e.g. interleukin-1, tumor necrosis
factor-α, and matrix metallopeptidase 9) (Lewis et al., 2008). As well, astrocytes produce and
secrete estrogen, influencing communication among neurons. When cultures of rat cortical
neurons are exposed to media from cultured astrocytes, neuronal synaptic formation and
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impulse transmission increase, due to the presence of estrogen in the astrocytic media (Hu et
al., 2007).

NMDAR-mediated glutamate excitotoxicity is a pathological element in many
neurodegenerative diseases and analysis of how combined estrogen and lithium influence
NMDAR regulation and its mediated pathways are wanting. Since estrogen and lithium are
involved in regulating NMDAR activation/function we hypothesized that combined estrogen
(specifically 17β-estradiol; E2) and lithium chloride (LiCl) (E2/LiCl) will alter mRNA
expression of NMDAR subunit NR1 in primary cultures harvested from mouse cortex and
hippocampus. The premise of this hypothesis is that estrogen receptor-α facilitates NMDAR
subunit expression and studies have shown that estrogen receptor-α response element binding
is attenuated in the presence of lithium (Medunjanin et al., 2005). Our results indicate that
combined E2/LiCl treatment reduce NR1 mRNA expression of primary cultures expressing
high levels of glial-specific mRNA. We chose this course of study since glia express NR1
(Conti et al., 1996), and NR1 is the critical subunit of a functional NMDAR. These results led
us to further hypothesize that amongst these primary glial cultures combined E2/LiCl will alter
protective features (cell viability) against glutamate insult. We tested this hypothesis using a
cell viability assay with 48 h pre-treated primary cultures exposed to high levels of glutamate.
High glutamate concentration was necessary since glia are extremely tolerant to excitotoxicity
(see Matute et al., 2002). Our results indicated that while LiCl reduced NR1 mRNA in E2-
treated cultures, E2 compromised cell viability in LiCl treated cultures. In many instances post-
menopausal women undergoing hormone therapy are also prescribed lithium (for depression)
and the interaction of these two agents are poorly understood. Ours is the first study to note
the influence of combined E2/LiCl on expression of receptors involved in learning, memory
and mediating excitotoxic effects.

2. Results
2.1. Brain cell typing of primary cultures indicated predominance for glia

Figures 1A-D depicts densitometric data (gene/HPRT) obtained after RT-PCR and gel
electrophoresis (gels represented above the graph). We chose to analyze brain cell type using
gene specific primers for neurons and glia. This allowed us to monitor brain cell type and to
monitor how our experimental parameters affected neuronal and glial gene expression. We
used gene specific primers for glial fibrillary acidic protein (GFAP) and neurofilament heavy
chain (NF-H), markers readily used for identifying glial and neuronal populations, respectively.
ANOVA of densitometric data indicated a significant difference in gene expression (p < .001).
These primary cell cultures expressed high levels of GFAP mRNA (figures 1A & C) but with
consistently low levels of NF-H mRNA (figures 1B & D).

Our experimental parameters altered genes expression for cortical but not hippocampal
cultures. GFAP mRNA expression gradually increased for cortical cultures during the 12, 24,
and 48 h period (figure 1A), while hippocampal cultures maintained consistency in GFAP
expression (figure 1B). NF-H, however, was more abundant in hippocampal cultures (figure
1D) compared with cortical cultures (figure 1B) and this was consistent throughout treatment
periods. Treatment did not affect GFAP or NF-H mRNA expression within each respective
culture type (cortical or hippocampal). Overall, densitometric data demonstrated that both
culture types expressed high levels of GFAP mRNA compared with NF-H indicating these
cultures were predominantly glial.

2.2. Combined E2/LiCl treatment reduced NR1 mRNA expression
We next examined the effect of our experimental design on NR1 mRNA expression. NR1 is a
critical subunit of the NMDAR and no have studies investigated how combined E2/LiCl will
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affect NR1 expression in glial cultures. Additionally, in analyzing NR1 gene expression we
can postulate transcriptional activity caused by our treatment parameters. Interpretation of
ANOVA on real time RT-PCR data showed significant differences (p < .001) in NR1 mRNA
expression related to treatment. Both treated culture types (cortical and hippocampal) slightly
differed in overall NR1 mRNA expression (figures 2A & B), but this difference was not
significant (p > .057). No significant changes were noted across treatment periods (p > .2) –
e.g. in a time-dependent fashion; although, NR1 expression significantly changed among
treated culture types at specific time periods (p < .001).

No significant effects were detected for Control or E2 treatment on NR1 mRNA expression
across treatment periods and culture type (figure 2A & B). LiCl influenced NR1 expression
but this alteration was dependent on culture type. In cortical cultures (figure 2A), LiCl seemed
to reduce NR1 gradually and specifically after a 48 h treatment period, but according to Fisher's
least significant difference (LSD) this decrease proved to be non-significant (p > .1). For
hippocampal cultures, Fisher's LSD indicated that LiCl significantly decreased (p < 0.05) NR1
mRNA expression after a 24 and 48 h treatment period when compared with the 12 h treatment
period (figure 2B). LiCl also significantly reduced (p < 0.05) NR1 expression in hippocampal
cultures after a 48 h treatment period when compared with Control and E2 treatments (figure
2B). Although all treatments appeared to reduce hippocampal culture NR1 gene expression
after 12 h when compared with Control (figure 2B), Fisher's LSD indicated this change was
non-significant (p > .05).

Combined E2/LiCl treatment significantly decreased (p < .05) NR1 mRNA expression in both
cortical and hippocampal cultures (figure 2A & B). Fisher's LSD showed that combined E2/
LiCl treatment significantly reduced cortical NR1 mRNA expression after 12 h when compared
with E2 treated cultures (figure 2A). This significant decrease reoccurred after cortical cultures
were treated with combined E2/LiCl for 48 h. The 48 h decrease was noted when combined
E2/LiCl was compared with E2 and Control (figure 2A). Cortical cultures treated after 24 h
did not alter NR1 mRNA expression. In hippocampal cultures, combined E2/LiCl treatment
significantly reduced NR1 expression. Combined E2/LiCl treatment when compared with
Control and E2 significantly reduced (p < 0.05) NR1 expression after a 48 h treatment period
(figure 2B). No significant differences were noted for combined E2/LiCl treated hippocampal
cultures after a 12 and 24 h treatment, though.

These results demonstrated that combined E2/LiCl treatment decreased NR1 gene expression
for both culture types, specifically after a 48 h treatment period. Cortical cultures showed
significantly decreased NR1 gene expression after 12 and 48 h treatment periods and
hippocampal cultures showed significantly decreased expression only after a 48 h treatment
period. Additionally, NR1 gene expression in LiCl-treated hippocampal cultures decreased
after a 24 and 48 h when compared with 12 h treatment period. E2-treated cultures did not
affect NR1 mRNA expression across all experimental parameters.

2.3. E2 and combined E2/LiCl failed to reduce excitotoxicity
Glia are extremely tolerant to excitotoxicity (see Matute et al., 2002) and since our primary
cultures express high glial mRNA (see figures 1A-D) a high dosage of glutamate (100μM) was
necessary. In our experiment, primary cell cultures were pretreated for 48 h, subjected to
excitotoxicity with glutamate, and assessed for cell viability using fluorescein diacetate/
propidium iodide assay (FDA/PI). Figure 3A were captured images of primary cultures after
experimental procedures. Live cells were labeled green (FDA) and dead cells were labeled red
(PI). These primary cultures maintained a tolerance for glutamate toxicity without treatment
(Control) when compared with Initial Viability (e.g. assayed prior to any experimental
procedure). Additionally, Control cortical cultures compared with Initial Viability showed an
increase in FDA labeling (figure 3A). Increased Control FDA labeling did not occur for
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hippocampal cultures, though (figure 3A). Pretreatment with E2 and combined E2/LiCl
decreased viability for both cortical or hippocampal cultures, as indicated by the intense PI
labeling; however, LiCl-treated cortical cultures showed increased cell viability which did not
occur for hippocampal (figure 3A). These images were then processed using ImageJ cell
counter (Rasband, 1997-2007) and data generated was statistically analyzed.

Viability was not reduced for Control cortical and hippocampal cultures when compared with
Initial Viability after glutamate excitotoxicity (figure 3B & C); specifically in Control cortical
cultures where viability significantly increased (p < .05) (figure 3B). Figure 3B indicated
cortical cultures pretreated with E2 and combined E2/LiCl significantly failed to rescue cells
from glutamate excitotoxicity when compared with Control and Initial Viability. LiCl-treated
cortical cultures, however, exhibited increased cell viability when compared with other
treatment types and Initial Viability (figure 3B). Figure 3C depicts that all pretreated
hippocampal cultures failed to rescue cells from glutamate excitotoxicity when compared with
Control and Initial Viability. Hippocampal cultures also did not display increased cell viability
due only to glutamate (e.g. Control) as did cortical cultures.

3. Discussion
Several cell signaling transduction pathways are affected by E2 and LiCl, but few studies
concentrate on any neurobiological effects the two combined may present. Additionally,
investigations are wanting on how combined E2 and LiCl affect glia. In the mammalian brain
glia are ten times more numerous than neurons and such would be expected to play a role in
the progression of neurodegenerative diseases (see Van Eldik et al., 2007). In this study,
densitometric results showed high levels of GFAP mRNA expression among cortical and
hippocampal cultures (see figures 1A & C) compared with NF-H (see figures 1B & D),
suggesting a predominance of glia. We chose to use GFAP and NF-H since these are standard
markers in identifying brain cell type (glia or neuron, respectively). Cultures used in this study
were harvested at a late embryonic age (E18.5) when most neurons have differentiated. As
expected, neurons harvested at E18.5 would have a greater propensity for cell death during
mechanical trituration, hence the low NF-H expression (see figures 1B & D). B27/Neurobasal
medium is primarily used for culturing cortical and hippocampal neurons and this medium
generates a 90% neuronal population compared with a 10% glial population as described by
immunocytochemistry (Brewer, 1995). This percentage coincides with our FDA/PI assay of
Initial Viability (e.g. viability assayed prior to any experimental procedures; see figures 3B &
C) for both cortical and hippocampal cultures since this media maintained a neuronal
population while suppressing glia proliferation. This allowed us to maintain cultures that
sustained neurons (see figures 1B & D), suppressed glia proliferation, but still with a
predominance of glial cells (see figures 1A & C). Densitometric data (figures 1A-D) indicated
that cortical cultures increased and were higher in GFAP mRNA expression across treatment
periods (see figure 1A) compared with hippocampal cultures (see figure 1C). Glia are
constantly proliferating and this gradual increase and higher GFAP expression in cortical
cultures could be explained since cortical cultures were plated at a higher density than
hippocampal cultures (see Experimental Procedures). Hippocampal cultures expressed higher
levels of NF-H mRNA (see figure 1D) compared with cortical cultures (see figure 1B), but
still, with higher GFAP levels than NF-H (see figure 1C & D). Rocha et al. (1994) indicated
that GFAP protein expression increased in the caudate nucleus and hippocampus of 4 week
lithium-treated rats (Rocha and Rodnight, 1994) and though we noted GFAP mRNA increased
in cortical cultures (specifically at 24 and 48 h; see figure 1A) this was not apparent in
hippocampal cultures. This may be due to our treatment being an acute (up to 48 h) rather than
a chronic one (4 weeks).
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Glia, like neurons, are also known to express functional NMDAR and non-NMDAR (Conti et
al., 1996; Lalo et al., 2006). Glia NMDAR expression increases susceptibility to excitotoxicity
and facilitates glutamate transport (see Matute et al., 2002). Glial susceptibility to
excitotoxicity, however, is less severe than neuronal. This is of specific interest since NMDAR
subunit expression and excitotoxicity of glia are rarely studied. NR1 is a critical subunit of the
NMDAR and without it there is no functional receptor. In studying glial NR1 gene expression
within our experimental parameters we can postulate transcriptional activities affected (e.g.
estrogen receptor-α/GSK-3β-mediated pathways or CREB). Among both culture types,
hippocampal cultures expressed higher levels of NR1 mRNA (see figure 2B) compared with
cortical cultures; this difference is worth discussing even with p-value = .058 (see figure 2A).
Both cultures expressed high levels of GFAP but hippocampal cultures also expressed higher
levels of NF-H (see figure 1D) compared with cortical cultures (see figure 1B). The higher
levels of NR1 mRNA expression in hippocampal cultures is that glia express functional
NMDAR at a lower level than neurons (see Conti et al., 1999). Additionally, autoradiography
using NMDAR-specific ligands depict higher density of NMDAR in hippocampal regions than
cortical (Mugnaini et al., 1996). Our study showed no effect of E2 treatment on NR1 mRNA
expression for both culture types (see figures 2A & B). This contradicts Jelks et al. (2007)
findings where E2 treatment increased NR1 in neuronal cultures (Jelks et al., 2007), but our
cultures did express higher levels of GFAP mRNA (see figures 1A & C). Few studies
investigate how E2 (or lithium) influence glia but we suggest our glia cultures reached a
saturation point since glia also produce estrogen – as noted in astrocytic culture media (Hu et
al., 2007). E2-estrogen receptor complex have a Kd of 150pM (Sasson and Notides, 1983),
therefore, our doses of .04μM E2 may have been negligible in altering NR1 mRNA expression.
NR1 mRNA expression did not change in LiCl-treated cortical cultures (see figures 2A) across
treatment periods which coincides with Hashimoto et al. (2002) who showed that lithium does
not influence NR1 protein expression in neuronal cultures (Hashimoto et al., 2002). LiCl,
however, did reduce NR1 mRNA expression in hippocampal cultures after a 24 and 48 h
treatment period compared with 12 h LiCl-treatment (see figures 2B). Lithium diffuses into a
cell via sodium channel but also through glutamate receptors (Kabakov et al., 1998). We clearly
show that hippocampal cultures express higher levels of NR1 mRNA (see figure 2B) than
cortical cultures (see figure 2A) and this may be indicative of functionally expressed NMDAR.
Hippocampal NR1 mRNA down-regulation by LiCl may be caused by the influx rate of LiCl.
This rate will change NR1 expression since estrogen receptor-α is involved in facilitating
NMDAR subunit expression (see Watanabe et al., 1999) that is mediated by GSK-3β (see
Medunjanin et al., 2005); and lithium is known as a selective inhibitor of GSK-3β (Jope,
2003).

The purpose of this study was to note the combined affect of E2 and LiCl on NR1 mRNA
expression and excitotoxicity. After a 12 h treatment, NR1 expression for cortical cultures was
not altered with individual treatment of E2 or LiCl; however, when LiCl was combined with
E2, NR1 expression decreased after 12 h (see figure 2A). Hippocampal cultures did not display
this reduction at 12 h, though (see figure 2B). Studies show that in rat cerebral cortex hormone
and dopamine-stimulated adenyl cyclase activity is hindered by lithium (Newman and
Belmaker, 1987). Adenyl cyclase produces cAMP, a main constituent in CREB signaling
pathway. CREB is highly involved in facilitating NMDAR subunit expression (Qiang and
Ticku, 2005) and reduced NR1 at 12 h may be caused by LiCl inhibiting cortical adenyl cyclase
activity triggered by E2. Combined E2/LiCl did not alter NR1 expression in cortical and
hippocampal cultures after 24 h treatment (see figure 2A & B). Therefore, the 12 h decrease
in cortical NR1 mRNA may be caused by the fast action of extracellular LiCl concentration
inhibiting adenyl cyclase activity (Campbell and Siddle, 1978) as opposed to intracellular
concentration since reduced cortical NR1 mRNA reoccurred at 48 h treatment period for both
culture types. This 48 h decrease in NR1 was significant compared with Control and E2 treated
cortical and hippocampal cultures (see figures 2A & B). Reduced NR1 at 48 h with combined
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E2/LiCl occurred for both cultures indicating a similar pathway involved, possibly through the
intracellular estrogen receptor-α/GSK-3β-mediated pathway (Medunjanin et al., 2005). NR1
down-regulation could be explained since estrogen receptor-α, when bound by its ligand E2,
facilitates NMDAR subunit gene expression by recognizing palindromic DNA sequences
(Watanabe et al., 1999); thus, E2 has a direct genomic role in NMDAR subunit expression.
Additionally, response element binding of estrogen receptor-α relies on GSK-3β
phosphorylation and this phosphorylation is inhibited by lithium (Medunjanin et al., 2005)
since lithium is a selective inhibitor of GSK-3β (Jope, 2003). We chose such high
concentrations for E2 and LiCl based on the literature, since 10mM LiCl inhibits ∼70%
GSK-3β protein activity (Ryves and Harwood, 2001), and a 0.04μM concentration of E2
significantly increases bcl-2 expression – an anti-apoptotic protein – via calcium influx in cell
cultures (Wu et al., 2005). Additionally, Medunjanin et al. (2001) used MELN cells treated for
48 h with 30mM LiCl which decreased estrogen receptor-α response element binding and this
decrease was due to GSK-3β inhibition (Medunjanin et al., 2005). The aforementioned
references provide insight into our results since LiCl significantly decreased NR1 mRNA
expression in E2-treated cortical (see figure 2A) and hippocampal cultures (see figure 2B) after
48 h treatment period. Since NR1 mRNA in E2-treated cells did not change, we deduce this
reduction is due to LiCl (potentially via inhibition of GSK-3β activity). Whether or not LiCl
influences estrogen receptor-α/GSK-3β-mediated pathway within our experimental still
remains to be elucidated. We are currently working on experiments to test these effects. Studies
on NR1 protein level should be conducted under our experimental and treatment conditions.
Present results are represented in mRNA expression and post-transcription and/or post-
translational influences may render differences at the protein level when compared. Both
estrogen and lithium alter the phosphorylation state of NMDAR subunits reducing NMDAR-
mediated excitotoxicity (Dominguez et al., 2007; Hashimoto et al., 2002; Ma et al., 2004). It
will be interesting to note the phosphorylated state of NMDARs within our experimental
parameters; however, within the scope of this project, we provide substantial evidence on how
combined E2 and LiCl (as opposed to individual treatment) alter excitotoxicity and NR1 gene
expression.

NMDAR-mediated excitotoxicity characterizes many neurological diseases (see Lipton,
2005). The E2 concentration we chose for our experimental procedures (0.04μM) also provides
neuroprotection for hippocampal cultures (Chen et al., 2006), and as mentioned, increases bcl-2
expression (Wu et al., 2005). E2 at 0.04μM should provide neuroprotection against
excitotoxicity, however, glia may respond differently to this treatment. After pre-treating
primary cultures for 48 h with E2 and/or LiCl we exposed these glial cultures to a toxic level
of glutamate for 1 h. Cortical cultures displayed higher viability with LiCl treatment compared
with hippocampal cultures (see figures 3B & C). NR1 (see figure 2B) and NF-H mRNA
expression (see figure 1D) were higher in hippocampal cultures than cortical cultures (see
figure 1B & 2A). These observations could explain the extremely low viability in treated
hippocampal cultures (see figure 3C) since excitotoxicity is mediated via NMDAR signaling.
The literature indicates that E2 and lithium affect NMDAR, but with opposing actions. On the
one hand, estrogen facilitates NMDAR-regulated calcium influx (Wu et al., 2005), but studies
show estrogen's neuroprotective qualities against glutamate insult are through calcium-
independent pathways (Perrella and Bhavnani, 2005). On the other hand, lithium reduces
calcium influx and NMDAR-mediated glutamate excitotoxicity (Chuang et al., 2002;
Hashimoto et al., 2003). Normally, inducing excitotoxicity reduces viability among neuronal
cultures, but glia are more tolerant to this insult (see Matute et al., 2002). Our cortical cultures
exhibited high glia-associated GFAP mRNA expression (figures 1A). Although hippocampal
cultures showed this as well (see figures 1C), hippocampal cultures also expressed higher levels
of neuron-associated NF-H mRNA expression compared with cortical cultures (see figures 1B
& D). Results from FDA/PI assay (figures 3A-C) strengthen densitometric data since cortical
and hippocampal cultures tolerated excitotoxicity as observed with Control, which was not
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significantly affected by such a high dosage of glutamate (see figures 3A-C). Cortical cultures
expressing higher levels GFAP mRNA (see figure 1A) also explain increased cell viability in
Control and LiCl-treated cortical cultures (see figure 3B). Treated hippocampal cultures (figure
3C) did not display this protective quality since hippocampal cultures also expressed higher
levels of NF-H mRNA (see figure 1D).

Previous literature specifies that both estrogen and lithium act as neuroprotective agents and
may be used as a palliative treatment for neurodegeneration (Chuang et al., 2002; Goodenough
et al., 2003; Rowe and Chuang, 2004). Our study is the first to show that combined E2 and
LiCl affect NR1 mRNA expression and excitotoxicity in cortical and hippocampal primary
mixed brain cell cultures. Studies of this caliber are wanting since little is known about how
E2 and LiCl influence molecular processes of the brain. Analysis of NMDAR subunit mRNA
and protein expression using post-mortem Alzheimer's disease (AD) brains show a decrease
in NR1 and NR2B in the hippocampal formation with advancement of the disease (Mishizen-
Eberz et al., 2004). In a study using ovariectomized rats, estrogen-replacement did not affect
NMDAR subunit mRNA expression; although, duration of ovariectomy did affect this
expression (Adams et al., 2001). In recent years, post-menopausal women are diagnosed with
AD more often than men and this statistic is related to estrogen deficiency (Garcia-Segura et
al., 2001). Estrogen replacement therapy (ERT) proves to be beneficial to post-menopausal
women in reducing the risk of developing AD (see Garcia-Segura et al., 2001). Studies
demonstrate that the dominant form of estrogen, estradiol, plays an important role in
neuroprotection and enhancement of learning and memory (Henderson et al., 1994). ERT is a
subject of debate due to the risk of developing breast cancer. This is marked by an increased
incidence of lobular carcinoma in post-menopausal women under ERT (Newcomer et al.,
2003) and women suffering from depression during peri- and post-menopause are often
prescribed lithium (Burt and Rasgon, 2004; Kukopulos et al., 1985). Estrogen and lithium also
affects the dopamine pathway, a pathway implicated in many clinical disorders and
neurodegenerative diseases (Morissette et al., 2008; Silverstone, 1985). An increase in
dopaminergic pathways is a characteristic of bipolar disorder (manic-depression) and lithium
is readily prescribed as a prophylactic for this disorder (Silverstone, 1985). Studies show that
combined E2/LiCl alter serotonin and dopamine metabolites. Ovariectomized rats treated with
E2 show no change in frontal cortices levels of serotonin, dopamine or dopamine metabolites.
When E2 is combined with LiCl, though, dopamine is greatly decreased but show higher levels
of serotonin and dopamine metabolites Morissette (Morissette and Di Paolo, 1996).
Additionally, NMDA agonist increase dopamine release modulated by hormones (Cabrera et
al., 2002). It will be worth studying the involvement of combined E2 and LiCl in the dopamine
pathway and how these two agents affect NMDAR expression and function. An understanding
of underlying molecular mechanism in regards to how E2 and LiCl interact is lacking. The
present study introduces and advances perspectives for additional studies directed towards
developing palliative therapies for neurodegeneration and postmenopausal-related cognitive
decline.

4. Experimental Procedures
4.1. Primary mixed brain cell cultures

C57BL/6J mice were bred at Florida International University. Animals were kept in an
environment of 22°C temperature, 60% humidity, within polycarbonate transparent cages (26.7
cm × 20.6 cm × 14 cm) on a 12 h day-night cycle with free access to water and food. All
experiments were approved by the Institutional Animal Care and Use Committee. Primary
cultures were harvested from E18.5 C57BL/6J mice. Pregnant mice (n = 5) were euthanized
by cervical dislocation, E18.5 fetal mice were then removed via caesarian section, decapitated,
brains removed, and placed in ice-cold Earle's balanced salt solution (EBSS; Hyclone, Utah).
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The cortex and hippocampus from each hemisphere were isolated under a dissecting
microscope and washed with fresh ice-cold EBSS. Tissue was mechanically triturated, passed
through a 70μm pore filter, and cells were counted using a hemocytometer. Disassociated cells
were randomly plated (6 × 106 for cortical cultures and 3 × 106 for hippocampal cultures) on
poly-D-lysine (100μg/mL; Sigma-Aldrich, Missouri) coated 12-well plates containing B27/
Neurobasal medium (Invitrogen, California) with 0.5mM L-glutamine and 4μg/mL
gentamicin. Additional 12-well plates, with poly-D-lysine (100μg/mL) coated coverslips were
set aside for viability assessment. Cells were maintained in a humidified, 5%CO2 atmosphere
incubator with a set temperature of 37°C. After 4 days in culture, the media was removed
entirely and replaced with fresh media; half of the media was changed every 4 days, thereafter,
until E2 and/or LiCl treatment.

4.2. Chemicals and Treatments
After twelve days in culture, the media was removed entirely and replaced with media treated
with 10mM LiCl (Sigma-Aldrich, Missouri), 0.04μM E2 (Sigma-Aldrich, Missouri), or
combined E2 and LiCl. Duration of treatment for each group was 12, 24, and 48 h. Additionally,
cell viability was measured using 48 h pretreated cells exposed to 100μM glutamatic acid
(Sigma-Aldrich, Missouri) for 1 h at 37°C.

4.3. Experimental Techniques
4.3.1. RNA Isolation and cDNA Synthesis—Total RNA was extracted from cultured
cells after treatment with TRIzol reagent (GIBCO, California), according to manufacturer's
protocol. Briefly, cultures were rinsed with ice-cold DPBS, TRIzol Reagent (600μL-1mL) was
added directly into each well, and cultures were homogenized. Homogenized cells were then
transferred to a fresh tube, and incubated at room temperature. Chloroform was added and
centrifuge at 10, 000 rpm at 4°C. Total RNA (aqueous phase) was transferred to a sterile tube
and allowed to precipitate with isopropanol and glycogen overnight at -20°C. RNA was
pelleted via centrifugation at 10, 000 rpm at 4°C, supernatant was decanted and RNA pellet
was washed twice with 75 % ethanol. Pellets were then air dried and resuspended with DEPC-
treated water. DNA contaminants were removed with the RQ1 DNase kit (Promega,
Wisconsin). Samples were stored at -80°C until further processed.

Reverse transcription (RT) was performed using SUPERSCRIPT™ II RNase H-free reverse
transcriptase (Invitrogen, California), according to the manufacturer's protocol. Briefly, 500ng
of total RNA was reverse transcribed with 0.05μg/μl of Oligo (dT)12-18 at 65°C for 5 minutes.
cDNA was synthesized with 5mM MgCl2, 10mM DTT, and 2.5 units Superscript II and
incubated at 42°C for 50 minutes; reaction was terminated at 70°C for 15 minutes. RNase H
(Invitrogen, California) was added once the first strand was synthesized to remove any
remaining RNA. RNase H was incubated at 37°C for 20 minutes.

4.3.2. Cell-Typing Cultures using RT-PCR and Gel Electrophoresis—cDNA was
amplified via real time polymerase chain reaction (PCR) using NF-H (forward primer 5′-
AGCCCAAGGACTCTACAGCA-3′; reverse primer, 5′-CTTTGGCTTTTCCGTCTCTG-3′)
and GFAP (forward primer 5′-AGAAAACCGCATCACCATTC-3′; reverse primer, 5′-
TCACATCACCACGTCCTTGT -3′) and GoTaq® (Promega, Wisconsin). Cycling
parameters for an Eppendorf Mastercycler Gradient were set for: denaturing at 95°C for 30
seconds, annealing temperature of 57°C or 64°C for 30 seconds, and extension at 72°C for 30
seconds, for a total of 30 cycles, followed by a final extension at 72°C for 10 minutes. After
amplification, samples were subjected to gel electrophoresis using a 1.5% agarose gel stained
with ethidium bromide and photographed using Digital Imaging Filter/Ethidium Bromide
(Fotodyne, Wisconsin) under UV light. Resulting band intensities were based on two replicates
and analyzed using ImageJ software band analyzer (Rasband, 1997-2007). Measurements are
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represented in arbitrary units and obtained by dividing the pixel integrated density (integrated
density = area × mean pixel value) from each band of NF-H or GFAP by the absolute intensity
of the standard – HPRT.

4.3.3. Quantitative Real Time RT-PCR—cDNA was amplified via real time PCR using
SYBR Green PCR master mix (ABgene, New York), 200-300nM of forward and reverse
primers using iCycler (BioRad, California) with IQ iCycler software (version 3.1). Cycling
parameters were set at: 95°C 15s, 57°C 30s, and extension at 72°C for 30s, for a total of 40
cycles, followed by a final extension at 72°C for 10 minutes. The specific primer pairs were:
NMDAR subunit NR1: forward primer, 5′-ACTCCCAACGACCACTTCAC-3; reverse
primer, 5′-GTAGACGCGCATCATCTCAA-3′; HPRT: forward primer, 5′-
GGAGCGGTAGCACCTCCT-3′; reverse primer, 5′-AATCCAGCAGGTCAGCAAAG-3′.
All samples were compared with a standard curve comprised of pDNA of HPRT and NR1 with
pDNA generated using TOPO TA Cloning® Kit (Invitrogen, California). Readings were
normalized by dividing mRNA starting quantity (SQ) of NR1 by the house-keeping gene HPRT
mRNA SQ; output is in femtograms (fg) of mRNA.

4.3.4. Cell Viability – Fluorescein Diacetate/Propidium Iodide Assay segment—
Cortical and hippocampal cells were cultured on 18mm coverslips cultures and pretreated for
48 h with E2, LiCl, and combined E2 and LiCl (as described previously). Excitotoxicity was
induced for 1 h with 100μM glutamate. Cell viability of cultures was determined after glutamate
excitotoxicity through the use of a fluorescein diacetate-propidium iodide labeling technique
(Jones and Senft, 1985). Briefly, cells were quickly rinsed with ice-cold Dulbecco's Phosphate
Buffer Saline (DPBS). Approximately 150μL cocktail of 2μg/mL of fluorescein diacetate and
0.6μg/mL propidium iodide was added directly to the coverslip with adhered cells and
incubated at room temperature. Each 18mm coverslip was placed against a grid and images
were captured from five subdivisions on the grid (upper right, upper left, lower right, lower
left, and center). Images were captured from 3 replicates per subdivision – a total of 15 images
per coverslip – with a Leica inverted epifluorescent microscope with a QImaging
Micropublisher 3.3 cooled RTV camera and processed using ImageJ Cell Counter. For a
comparison prior to any experimental procedure we assayed a separate culture designated as
Initial Viability.

4.3.5. Statistical Analysis—Data is presented as the mean ± S.E.M and statistical
significance was determined by ANOVA followed by Fisher's LSD post-hoc testing.
Significant differences have a p-value < .05. All results were obtained from two separate
experimental procedures – except for glutamate excitotoxicity which was based on triplicates
from one experiment (see section 4.3.4 in Experimental Procedures). Each level for all factors
was randomly determined.
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Abbreviations used
AD  

Alzheimer's disease

ANOVA  
analysis of variance

ATP  
adenosine triphosphate

cDNA  
complementary deoxyribonucleic acid

CREB  
Cyclic adenosine monophosphate (cAMP) response element binding protein

E2  
17β-estradiol

FDA/PI  
fluorescein diacetate/propidium iodide

GFAP  
glial fibrillary acidic protein

GSK-3β  
glycogen synthase kinase-3beta

HPRT  
hypoxanthine-guanine phosphoribosyltransferase

Fisher's LSD 
Fisher's least significant difference

LiCl  
lithium chloride

mRNA  
messenger ribonucleic acid

NF-H  
neurofilament-heavy chain

NMDAR  
N-methyl-D-aspartate receptor

NR1  
N-methyl-D-aspartate receptor subunit 1

RT-PCR  
reverse transcription polymerase chain reaction
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Figures 1 A-D.
ImageJ densitometric data obtained from RT-PCR and electrophoresis. Analysis was
performed via electrophoresis of RT-PCR samples using a 1.5% agarose gel, gel images
captured, and analyzed using ImageJ. Low visibilities of bands are due to low mRNA
expression. Total RNA from and reverse transcribed E18.5 cortical (A & B) and hippocampal
(C & D) primary cell cultures were isolated from Control (no treatment), 0.04μM E2, 10mM
LiCl, and combined E2/LiCl treated for 12, 24, and 48 h. cDNA was then amplified via PCR
using gene specific primers for GFAP (A & C) or NF-H (B & D). Measurements were based
on relative pixel intensity (integrated intensity of GFAP/HPRT or NF-H/HPRT) and expressed
in arbitrary units. Gels are represented for each gene and treatment period (represented above
the graph).
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Figures 2 A-B.
Real time RT-PCR of NR1 mRNA expression. E18.5 cortical (A) and hippocampal (B) primary
cell cultures treated for 12, 24, and 48 h with 0.04μM E2, 10mM LiCl, combined E2/LiCl, or
Control (no treatment). After temporal treatment total RNA was isolated and reverse
transcribed. The figure denotes NR1 mRNA expression in femtograms (y-axis) and treatment
duration (x-axis). *, p-value < .05 compared with control; #, p-value < .05 compared with E2;
†, p-value < .001 compared with 12 h treatment.
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Figures 3 A-C.
Mean viability for glutamate excitotoxicity from 48 h treated cortical and hippocampal cell
cultures. Excitotoxicity was induced by incubating primary cultures with 100μM glutamic acid
for 1 h at 37°C after pre-treating for 48 h with with 0.04μM E2, 10mM LiCl, combined E2/
LiCl, or Control (no treatment). A pre-treatment measurement (Initial viability) was assayed
to note any changes caused by the treatment and glutamate excitotoxicity. Images (A) were
captured (green labeling, FDA (live cells) and red labeling, PI (dead cells)) and viability (FDA/
(FDA+PI)) was assessed using ImageJ Cell Counter for both cortical (B) and hippocampal (C)
cultures. *, significantly reduced cell viability compare with Initial Viability and Control (p-
value < .05); #, increased cell viability when compared with Initial Viability (p-value < .05);
†, increased cell viability when compared with other treatments (p-value < .05).
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