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Abstract

Previously we demonstrated that 17p-Estradiol (E2) induced rapid CaZ* influx via L-type calcium
channel activation, which was required for activation of Src/ERK/CREB/BcI2 signaling cascade
and subsequent induction of neuroprotective and neurotrophic responses in rat hippocampal and
cortical neurons (Wu et al., 2005; Zhao et al., 2005). The current study determined the presence
and specificity of membrane E2 binding sites and the functional consequence of E2 binding to
membrane receptors in individual neurons. Using E2-BSA-FITC (fluorescein isothiocyanate)
macromolecular complex, membrane E2 binding sites were observed in hippocampal neurons.
Punctate FITC signal was observed on plasma membrane of soma and neuronal processes in E2-
BSA-FITC binding neurons. No membrane binding was observed with BSA-FITC. Specificity of
binding was demonstrated by competition with excess un-conjugated E2. An ER specific agonist,
PPT, and an ER agonist, DPN, partially competed for E2-BSA-FITC binding. Imaging of
intracellular Ca2* ([Ca2*]i) in live neurons, revealed rapid Ca2* responses in E2-BSA-FITC
binding neurons within minutes that culminated in a greater [Ca2*]i rise and [Ca2*]i spikes at
>20min. The same neurons in which E2-BSA-FITC induced a [Ca2*]i rise also exhibited activated
PERK (extracellular signal-regulated kinase) that was translocated to the nucleus.
Immunofluorescent analyses demonstrated that both excitatory and inhibitory neuronal markers
labeled subpopulations of E2-BSA-FITC binding neurons. All E2-BSA-FITC binding neurons
expressed L-type calcium channels. These results demonstrate, at a single cell level, that E2
membrane receptors mediate the rapid signaling cascades required for E2 neuroprotective and
neurotrophic effects in hippocampal neurons. These results are discussed with respect to
therapeutic targets of estrogen therapy in brain.
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1. Introduction

Increasing evidence indicates the presence of rat brain plasma membrane associated
estrogen receptors (ERs). Membrane-associated estrogen receptors was first reported in
1977 using a ligand affinity-binding approach (Pietras and Szego, 1977). Later, Watson and
colleagues detected ER proteins in the plasma membrane using ER specific antibodies
(Pappas et al., 1995). In neuronal cells, both ERa and ERp have been reported at
extranuclear sites in hippocampus, dorsal raphe, striatum, red nucleus, and olfactory bulb
(McEwen et al., 2001; Milner et al., 2001; Milner et al., 2005; Mitra et al., 2003; Zhang et
al., 2002). Milner and colleagues were the first to provide ultrastructural evidence for ERa
and B extranuclear localization (Milner et al., 2001; Milner et al., 2005). The cellular and
subcellular localization of ERp was similar to that of ERa, except that ERp was more
extensively found at extranuclear sites.

Multiple effects of estrogen are rapid and appear to not require direct interaction with an
estrogen response element (ERE) (Cordey et al., 2003; Kuroki et al., 2000; Nethrapalli et al.,
2001; Nilsen and Brinton, 2002; Nilsen and Diaz Brinton, 2003; Rudick and Woolley, 2000;
Simoncini et al., 2000; Singh, 2001). Inhibition of rapid estrogen effects with antibodies
against ERs in cells with intact membranes provides one piece of evidence that membrane-
associated ERs are involved in these rapid estrogen effects (Marquez and Pietras, 2001). A
second strategy is the use of membrane impermeable estrogen. Multiple laboratories have
used this strategy with results indicating that estrogen activation of membrane sites of action
results in regulation of calcium responses (Benten et al., 1998; Beyer and Raab, 1998;
Chaban and Micevych, 2005; Watson et al., 2005), activation of mitogen-activated protein
(MAP) kinases (Carrer et al., 2005; Chen et al., 2004), activation of PKC (Boyan et al.,
2003) and other signaling pathways (Vasudevan et al., 2005). A third strategy has been to
express membrane targeted ERs in ER negative cells. Results of these studies indicate that
extracellular signal-regulated kinase (ERK), PI3K/AKT and cAMP signaling were activated
by membrane ERs (Rai et al., 2005; Razandi et al., 2004). Together these data support the
existence of membrane associated sites to which estrogen binds and which fulfill multiple
criteria required for receptor status (Brinton, 1984; Cooper et al., 1978; Ross, 1990)

Here we investigated the expression of membrane associated ERs in hippocampal neurons
and the functional consequence of activating these E2 binding sites. To conduct these
analyses a fluorescent membrane impermeable E2-bovine serum albumin-fluorescein
isothiocyanate (E2-BSA-FITC) macromolecular was used to label membrane ER (mER)
coupled with simultaneous live cell calcium imaging. Subsequent to E2-BSA-FITC binding,
hippocampal neurons were investigated for activation of pERK. Results of these analyses
demonstrated specific binding of E2 to the plasma membrane of nearly a third of all cultured
hippocampal cell bodies and their neurites. Activation of mER in live hippocampal neurons
induced a rise in intracellular calcium and activation of pERK in the same neurons.
Phenotypic characterization of E2-BSA-FITC labeled neurons revealed that 57% of mER
expressing neurons were glutamatergic, 54% were inhibitory neurons and that all mER
expressing neurons expressed L-type calcium channels.

2. Results

2.1 Membrane estrogen binding sites existed in rat primary hippocampal neurons

To investigate whether membrane 17B-estradiol (E2) binding sites mediated E2-induced
rapid responses in rat primary hippocampal neurons, we first performed imaging studies
using fluorescent membrane impermeable E2-bovine serum albumin-fluorescein
isothiocyanate macromolecular complex (E2-BSA-FITC). Primary hippocampal neurons
were incubated with 10ug/ml E2-BSA-FITC at 37°C for 30min and washed twice with 37°C
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PBS for 5min each prior to imaging. Figure 1A shows optical sections along the Z axis of an
E2-BSA-FITC labeled neuron. We detected intensive FITC signals at the plasma membrane
of soma as well as punctate staining at the neurites. Figure 1B shows representative DIC
(left) and fluorescence (right) images of E2-BSA-FITC binding. Of the two neurons in the
DIC image, one (on the right) was labeled with E2-BSA-FITC. Of the 913 primary
hippocampal neurons analyzed from 3 independent E2-BSA-FITC labelings, 266 or 29.13%
were specifically labeled with E2-BSA-FITC. The insert in Fig. 1B shows a magnified
neuronal process. E2-BSA-FITC labeling exhibited a punctuate distribution along the
neuritic plasma membrane. BSA-FITC did not bind to neurons under the same incubation
condition (Fig. 1C) indicating the binding was mediated by E2 in the E2-BSA-FITC
macromolecule.

2.2 Estrogen receptor agonists competed for E2-BSA-FITC membrane binding

To further verify the specificity of E2-BSA-FITC binding, we performed a competition
assay with excess non-labeled ER agonists. Cultured rat primary hippocampal neurons were
preincubated with 4ug/ml (~15uM) E2 at 37°C for 30 min prior to adding E2-BSA-FITC for
an additional 30min (Fig. 2, second row). Preincubation of free E2 completely blocked E2-
BSA-FITC binding to hippocampal neurons. To determine whether ERa and ERf could
localize to the membrane, ER subtypes selective agonists were tested for their ability to
block E2-BSA-FITC binding. Neurons were preincubated with 15uM ERa agonist, PPT
(Fig. 2, third row), or 15uM ERp agonist, DPN (Fig. 2, fourth row) at 37°C for 30min prior
to E2-BSA-FITC exposure. Consistent with E, binding to both ERa and ERp, preincubation
with E2 completely abolished E2-BSA-FITC membrane binding. Preincubation of PPT or
DPN reduced FITC signal intensity compared to E2-BSA-FITC, but did not completely
inhibit E2-BSA-FITC labeling (Fig. 2, arrowheads, third and fourth row). In both the PPT
and DPN conditions, most but not all E2-BSA-FITC binding was inhibited indicating
residual ERB and ERa receptors respectively labeled by E2-BSA-FITC. The complete
blockade of E2-BSA-FITC binding by the nonselective ERo and ERp agonist E2 coupled
with the diminution of E2-BSA-FITC binding by PPT and DPN suggests that both ERa and
ERp localize to the neuronal membrane. Images are representative of 180 neurons assessed
in each condition across 3 independent experiments.

2.3 Membrane E2 binding induced calcium responses

Our previous findings indicated that E2 induced rapid calcium influx through L-type
calcium channels which was required for the subsequent activation of Src/ERK/CREB/Bcl-2
signaling cascade (Wu et al., 2005). To identify the functional consequences induced by the
membrane E2 binding, ratiometric intracellular imaging was conducted using the calcium
sensitive dye Fura-2 in combination with E2-BSA-FITC binding. Primary hippocampal
neurons cultured on a gridded coverslip were loaded with fura-2 ratiometric calcium
sensitive dye for 30 min and then washed. Neurons were perfused with 10ug/ml E2-BSA-
FITC during the recording followed by 2x wash with 37°C PBS to remove excess E2-BSA-
FITC prior to recording the E2-BSA-FITC signals at the end of calcium imaging. Figure 3A
shows a pseudo-colored image of the ratio of fluorescence intensity from 340 and 380
channels at the beginning of the recording to indicate the position of each neuron. Figure 3B
shows the FITC signal recorded after calcium imaging to identify the neurons labeled with
E2-BSA-FITC. In the first 10 min (Fig. 3C top), E2-BSA-FITC bound neurons (neuron #3,
4, 6 and 8) exhibited a slow rise of intracellular calcium ([Ca2*];). In neurons # 3 and 4, the
[Ca?*); rise was apparent 1min after E2-BSA-FITC exposure while neurons 6 and 8 had a
slower response onset which emerged after 5min of E2-BSA-FITC incubation (Fig 3C top).
The insert in Fig. 3C shows the first three minutes in an expanded scale. Following 20 to 30
min E2-BSA-FITC exposure, spike-like [Ca2*]; responses emerged in Eo-BSA-FITC labeled
neurons (Fig. 3C bottom). Minimal [Ca?*]; responses were detected after 25min of E2-BSA-
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FITC incubation in neurons that did not bind E2-BSA-FITC. The rapid response time and
differential response profiles between the early and late response was consistent in the 25
E,-BSA-FITC labeled neurons examined across 3 experiments. Our results indicate that
membrane E2 binding was able to trigger [Ca2*]; responses in cultured hippocampal neurons
as early as 1 min and 5 min. Two different [Ca2*]; response profiles were evident at the
early and late stages of recording suggesting the possibility of different mechanisms
involved in membrane E2-induced [Ca2*]; changes.

2.4 Membrane E2 binding activated ERK in single neurons

Earlier our group found that in rat hippocampal neurons, E2 activated extracellular signal-
regulated kinase (ERK) and induced ERK translocation from cytoplasm to nucleus, which
depended on E2 induced calcium influx (Nilsen and Brinton, 2002; Wu et al., 2005). To
further investigate whether E2 induced calcium responses triggers downstream ERK
activation via membrane ER, cultured neurons were incubated with 10ug/ml E2-BSA-FITC
or BSA-FITC at 37°C for 20min and subsequently immunocytochemically labeled for
phosphorylated ERK (pERK). E2-BSA-FITC labeled 47 out of 165 neurons from 3
independent experiments (28.5%) (Fig. 4A). Of those 47 E2-BSA-FITC bound neurons,
quantitative computational threshold analysis indicated that 41 (87%) exhibited an elevated
pERK signal at 20 min (Fig 4A). Of the 145 control neurons from 3 independent
experiments treated with BSA-FITC, none exhibited a specific FITC signal or a pERK
signal. In the representative images shown in Figure 4B, E2-BSA-FITC bound neuron (left
column, arrow) exhibited strong pERK signal in nucleus, cytoplasm and neuronal processes.
No pERK signal was detected in neurons that did not bind to E2-BSA-FITC. We also
performed Western blots of pERK with neurons treated with free E2 or membrane-
impermeable E2-BSA (Fig. 4C). Neurons were incubated with 10ug/ml E2-BSA or 10ng/ml
E2 at 37°C for 20min. Total cell lysates were collected for pERK Western blot analysis. E2-
BSA and free E2 activated ERK to the same level (E2 146.02+15.35, E2-BSA 154.96+8.32,
* p<0.05 compared to vehicle control; no significant difference between E2 and E2-BSA).

2.5 E2-BSA-FITC co-labeled neurons with neuronal markers

To investigate the phenotype of neurons that bind membrane ER, we conducted
immunocytochemical labeling for y-amino butyric acid (GABA) to label inhibitory neurons
and vesicular glutamate transporter 1 (vGluT1) to label excitatory neurons in neurons
exhibiting E2-BSA-FITC binding. Based on our previous finding that E,-induced calcium
influx through L-type channels was required to initiate the E2 neuroprotection pathway (Wu
et al., 2005), we determined the colocalization of E2-BSA-FITC labeling and expression of
L-type voltage gated calcium channel. Anti-GABA antibody stained cultured neurons
primarily in cytoplasm and in nucleus consistent with the labeling reported in previous
studies (Somogyi et al., 1985; Storm-Mathisen et al., 1983) (Fig 5. left). vGIuT1 antibody
labeling generated a punctate pattern along the plasma membrane and neuronal processes
(Fig 5. middle) consistent with the labeling in previous study (Wojcik et al., 2004). L-type
channel immunoreactivity was observed on plasma membrane and neuronal processes (Fig
5. bottom), which is consistent with the previous study (Hell et al., 1993). Microscopic fields
for quantitative analysis were randomly selected and 15 fields from each of the 3 separate
experiments were analyzed for immunoreactivity and E2-BSA-FITC binding (Tablel). Of
the 306 neurons analyzed for expression of GABA phenotype, 149 or 48.74 + 1.89% were
GABAergic. Of the 315 neurons analyzed for the vGIuT1 glutamatergic phenotype, 142 or
44.60 £ 1.92% were positive. Of the 292 neurons analyzed for expression of L-type calcium
channel, 252 or 86.77 + 3.89 expressed L-type calcium channels. In neurons labeled with
E2-BSA-FITC and GABA antibody, 47 or 54.19 + 3.31 were co-labeled. In neurons labeled
with E2-BSA-FITC and GluT1 antibody, 53 or 57.22 £ 2.00 were co-labeled. The
percentage of GABAergic and glutamatergic neurons was not exclusive because the
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labelings were done independently. In neurons labeled with E2-BSA-FITC and antibody
against L-type calcium channel, 85 or 33.73% were colabeled. A total of 266 of
hippocampal neurons were labeled with E2-BSA-FITC (Table 1). Of these 185, or 69.54%
of E2-BSA-FITC positive neurons were phenotypically identified as either GABA, vGIuT1
or L-type calcium channel expressing neurons. The remaining 81 or 30.46% of the 266 mER
expressing neurons remain to be phenotypically characterized. In summary, phenotypic
characterization indicated that approximately 1/3 of hippocampal neurons expressed
membrane ER as indicated by E2-BSA-FITC labeling. Of the phenotypically characterized
hippocampal neurons, approximately 1/3 of GABAergic, glutamatergic and L-type calcium
channel expressing hippocampal neurons were positive for a marker of membrane estrogen
receptor, E2-BSA-FITC expression. Collectively, these results indicate that both excitatory
and inhibitory neurons express membrane ER and that expression of L-type calcium
channelscan colocalize with expression of membrane ER.

3. Discussion

The present study sought to determine the existence of membrane estrogen binding sites and
the downstream signaling pathways induced by membrane estrogen receptors in individual
hippocampal neurons. Results of this investigation indicated that 29% of cultured rat
embryonic hippocampal neurons, including both excitatory and inhibitory neurons,
expressed membrane binding sites for estrogen. When bound to estrogen, these membrane
sites induced a rise in intracellular calcium and activated ERK. Both calcium and pERK are
required signaling elements for activation of the estrogen-inducible neuroprotection
pathway. Both GABAergic and glutamatergic neurons expressed membrane estrogen
binding sites. The unifying feature of all neurons expressing the membrane ER is the
expression of L-type calcium channels. This finding is particularly relevant given our earlier
findings indicating that E2-induced neuroprotection and neurotrophism are dependent upon
L-type calcium channel activation and influx of calcium (Wu et al., 2005; Zhao et al., 2005).
The early and late calcium responses induced by Eo-BSA-FITC were observed in both the
GABA and glutamatergic phenotypes suggesting that the different calcium dynamics are
mediated by signaling pathways activated by E, and not by the phenotype of the neuron.

Using E2-BSA-FITC we were able to visualize neurons that express membrane binding sites
for estrogen in a phenotypically heterogeneous primary neuron culture. Results of that
analysis indicated that close to 30% of the total number of hippocampal neurons exhibited
membrane estrogen binding sites. This is consistent with the proportion of E2 responsive
neurons previously reported from our laboratory and others.For example, we found that E2
induced rapid neurotrophic effects in 30% of hippocampal neurons (Brinton, 1993). Later,
Foy et al. (1999) found that estrogen enhanced NMDA receptor-mediated EPSPs and LTP in
36% of all cells tested in transverse rat hippocampal slices. Gu and Moss (1996) also
reported that estrogen potentiated non-NMDA currents in 38% of cells tested in dissociated
rat hippocampal neuron. Our group recently reported 29.6% of hippocampal neurons
exhibited calcium responses to estrogen in calcium imaging studies (Wu et al., 2005). Beyer
et al. (2003) used the same E2-BSA-FITC molecule to label midbrain primary neurons and
detected a similar 20-30 % positive population. In a quantitative analysis of ERa positive
neurons in the hippocampus, Woolley and colleagues observed approximately 15-60% ERa
positive neurons in different regions of the hippocampus (Hart et al., 2001).

The membrane estrogen binding sites we found in this study fulfill some of the criteria for
receptors (Brinton, 1984; Cooper et al., 1978; Ross, 1990). The specificity of the membrane
receptor to estrogen was demonstrated by selective competition of estrogen and by non-
labeling with BSA-FITC molecules. A receptor should also be a cellular macromolecule to
which a drug binds to initiate its effects. In the present study, we demonstrated that binding
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of estrogen to the membrane receptor induced intracellular calcium responses and ERK
activation. While the exact identity of the membrane estrogen receptor remains
controversial, the majority of evidence supports that membrane ERs are encoded by the
same genes as the nuclear ERs. This postulate is based on an array of evidence including:
immunocytochemical analyses showing that membrane ERs found in different cell types are
labeled by specific antibodies against ERa or ERp at epitopes contained within the known
ERs (Watson et al., 2002; Weiser et al., 2008); membrane localization of ERs can be found
when ERa and B were transfected into ER negative cells (Razandi et al., 1999); and lack of
endogenous membrane ERs in ERa and  double knockout mice (Razandi et al., 2004).
Membrane ERs are likely to be splice variants of either or both ERa and f. In human, a
46KD ERa variant has been cloned from endothelial cells (Figtree et al., 2003). Both full
length and this truncated ERa could be found on the cell membrane and mediated cell-
surface binding of estrogen associated with acute activation of nitric oxide synthase. In rat
brain, Price and colleagues identified several splice variants of ERp (Price et al., 2000; Price
et al., 2001) The variant, Er154, lacks exon 4, which contains the nuclear translocation
signal and part of ligand-binding domain (Price et al., 2000). Localization analyses revealed
that Erp154 localized to the cytoplasm (Price et al., 2001). Our group identified three novel
splice variants from rat cortical and hippocampal neurons (Milner et al., 2008; Wang and
Brinton, 2003; Zhao and Brinton, 2005). One of these variants was derived form ERa,
designated ERa-21aaN, the other splice variants were derived from ERp, designated
ERB1A3 and ERB2A4. ERa-21aaN and ERB2A4 localized to the cytoplasm and plasma
membrane (Wang and Brinton, 2003).

Several amino acids and protein modifications effect ER membrane targeting. Recent
findings in endothelial cells have identified motifs in the ERa ligand-binding domain that
are critical to membrane localization and function (Chambliss et al., 2005). Razandi and
colleagues generated point mutations in ERa, which prevented the mutant from dimerization
and membrane localization (Razandi et al., 2004). The authors transfected wild type and
mutant constructs into CHO cells and detected monomers of both wild type and mutant
constructs at the membrane before estrogen was added. After estrogen was added, wild type
ERa formed homodimers in the membrane fraction and was able to mediate ERK, PI3K, and
cAMP signaling while the mutant remained as a monomer and did not activate signaling
pathways. The authors concluded that dimerization was important for ER to carry out rapid
membrane functions. Another possible mechanism was that the mutated amino acids
themselves, which were located in the ligand-binding domain, were essential for rapid
estrogen signal transduction. Interactions between ER and caveolin protein also play an
important role in ER membrane targeting (Acconcia et al., 2005; Razandi et al., 2003). In
neurons, ER was co-purified with neuronal caveolae-like microdomain protein, flotillin
(Toran-Allerand et al., 2002). Mutation of ERa palmitoylation site (cystine 447) disrupted
interaction between ER and caveolins-1 in HeLa and HepG2 cell lines, prevented
subsequence membrane targeting, and inhibited estrogen inducible ERK and PI13K activation
(Acconcia et al., 2005).

Increasing evidence suggests that membrane ERs are involved in rapid estrogen signaling
events. Recent studies have pointed to the potential importance of the integration of estrogen
membrane and genomic functions (Levin, 2005). Using a “two-pulse” paradigm, VVasudevan
et al. showed that these membrane signals regulated rapid signal events and subsequently
regulated estrogen responsive element-mediated gene transcription (Vasudevan et al., 2005).
Vasudevan and colleagues also found that calcium influx was essential to transduce estrogen
signals consistent with our current and previous findings (Wu et al., 2005; Zhao and Brinton,
2005; Zhao et al., 2005). Our findings of membrane ER mediated calcium responses and
ERK activation were consistent with previous reports. Recent studies demonstrated that
estrogen activation of membrane sites of action in other systems and cell types results in
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regulation of calcium responses (Benten et al., 1998; Beyer and Raab, 1998; Chaban and
Micevych, 2005; Watson et al., 2005). Several research groups reported that the estrogen
activates ERK through membrane ER, which is consistent with our data in the current
report. The membrane impermiable estrogen-BSA conjugates (Alexaki et al., 2006; Carrer et
al., 2005; Chen et al., 2004) and the newly synthesized estrogen-dendrimer conjugates
(Harrington et al., 2006) were used to demonstrate estrogen membrane effects on ERK
activation in breast cancer cells, endothelial cells and neurons.

In conclusion, the present study visualized the existence and functional consequences of
membrane estrogen receptors in rat primary hippocampal neuron culture. We found that
29% of cultured hippocampal neurons expressed membrane estrogen receptors. The
receptors might be closely related to ERo and B as selective ER agonists were able to
partially compete for binding. We were able to show that membrane E2 binding triggered an
intracellular calcium rise that led to activation of pERK in individual hippocampal neurons.
Both calcium and pERK were previously reported to be crucial components in estrogen
neuroprotection and neurotrophism (Wu et al., 2005; Zhao et al., 2005). L-type calcium
channels were found to be expressed in all neurons expressing membrane ER which is
consistent with the obligatory role we previously reported for L-type calcium channel in
estrogen signaling. In addition, the data indicate that membrane ER exists in both excitatory
and inhibitory neurons. Further knowledge on the nature of membrane ERs and its signaling
pathways can provide targets for development of brain selective estrogen receptor
modulators for prevention of neurodegenerative disease and maintenance of cognitive
function throughout the aging process.

4. Experimental Procedures
4.1 Chemicals

All culture materials were purchased from Invitrogen, Carlsbad, CA, USA. 17p-estradiol
(E2) was purchased from Steraloids, Newport, RI, USA. E2-bovine serum albumin-
fluorescein isothiocyanate macromolecular complex (E2-BSA-FITC) E2-BSA and BSA-
FITC were purchased from Sigma-Aldrich, St. Louis, MO, USA. PPT and DPN were
purchased from Tocris Bioscience, Ellisville, MO, USA. All other chemicals were
purchased from ICN Biomedical, Costa Mesa, CA, USA unless noted otherwise.

4.2 Animals and neuronal culture

Use of animals was approved by the Institutional Animal Care and Use Committee in
University of Southern California. All experiments conformed to the Animal Welfare Act,
Guide to Use and Care of Laboratory Animals, and the US Government Principles of the
Utilization and Care of Vertebrate Animals Used in Testing, Research and Training
guidelines on the ethical use of animals. In addition, the minimal numbers of required
animals were used for these experiments and suffering was minimized. Pregnant Sprague
Dawley rats were purchased from Harlan Sprague Dawley, Inc., Indianapolis, IN, USA. and
housed under controlled conditions of temperature (22°C), humidity, and light (14 hour
light: 10 hour dark); water and food were available ad libitum. Primary hippocampal culture
was prepared as described (Brinton, 1993). Briefly, hippocampi were dissected from the
brains of embryonic day 18 fetuses. Hippocampal tissues were dissociated by incubation
with 0.02% trypsin in HBSS (5.4 mM KCI, 137 mM NaCl, 0.4 mM KH,PQy, 0.34 mM
NayHPO4-7H,0, 10mM glucose, and 10mM HEPES) for 5 min at 37°C and repeated
passage through a series of fire-polished constricted Pasteur pipettes. For Ca?* imaging or
immunocytochemistry studies, 20,000 cells were plated onto each poly-D-lysine (10ug/ml)
coated 22-mm coverslips or 0.1% polyethyenimine coated eight chambers plastic slides
(Nalge Nunc International, Rochester, NY, USA). For Western blotting, 10°cells/ml was
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seeded on 0.1% poly-ethylenimine coated 60mm plastic plates. Neurons were grown in
Neurobasal Medium supplemented with 25uM glutamate, 500uM glutamine, 5 U/ml
penicillin, 5pg/ml streptomycin, and B27 supplement at 37°C in a humidified 5% CO»
atmosphere. Experiments were performed after 10 days in culture.

4.3 E2-BSA-FITC binding and competition assay

E2-BSA-FITC stock solution were prepared in ddH20 and filtered with Microcon YM-30
filter (Millipore, Billerica, MA, USA) before use to remove free estrogen. Neurons cultured
on coverslips were incubated with 10ug/ml E2-BSA-FITC for 30 min at 37°C and washed
twice with 37 °C PBS before imaging. In competition experiments, neurons were
preincubated with 4ug/ml free E2, 15uM PPT or 15uM DPN for 30 min at 37°C before E2-
BSA-FITC was added for an additional 30min. Neurons were washed twice with 37°C PBS
before imaging. Images were acquired using Slidebook Digital Imaging System (Intelligent
Imaging Innovations, Inc, Denver, CO, USA) and were deconvolved with constrained
iterative deconvolution method.

4.4 Calcium imaging

Intracellular calcium ([Ca2*];) in hippocampal neurons was determined by ratiometric
imaging of the Ca2* sensitive fluorescent dye fura-2. Primary cultured hippocampal neurons
were loaded with 2 uM fura-2 acetoxymethyl ester (Molecular Probes, Eugene, OR, USA) in
HBSS buffer for 45min at 37°C then washed twice and incubated with HBSS buffer for
30min at 37°C to remove remaining fura-2 ester. Coverslips with loaded cells were mounted
in a perfusion chamber on an inverted microscope (Axiovert 200M, Zeiss, Thornwood, NY,
USA). We recorded fluorescence images of neurons loaded with fura-2 with excitation
wavelength at 340nm and 380nm respectively with Slidebook Digital Imaging System.
Images were recorded at 1 second intervals. Neurons were perfused with HBSS buffer at a
flow rate of 1 ml/min during recording. Ratio of fluorescence intensity form 340 and 380
channels across time was analyzed with the Slidebook Digital Imaging System. Images were
recorded for less than 10min to maintain a manageable file size.

4.5 Immunocytochemistry

Hippocampal neurons were washed twice with PBS and fixed with 4% paraformaldehyde
(EMS, Hatfield, PA, USA) for 15min at RT. Fixed neurons were permeabilized with 0.5%
Triton/PBS for 5min at RT. Neurons were incubated with primary antibodies (ERK1/2
[pTpY185/187], 1:500, Biosource, Camarillo, CA (Cowley et al., 1994); GABA, 1:1000,
Sigma-Aldrich(Hoskison et al., 2007); L-type channel (a¢1C), 1:200, Alomone Lab,
Jerusalem Israel (Liang et al., 2003); vGluT1, 1:1000, Sigma-Aldrich (Hendrickson et al.,
2006)) overnight at 4°C then with secondary antibody for 1hr at RT (Cy3 labeled anti-rabbit
or anti-mouse, 1:1000, Amersham Bioscience, Buckinghamshire, UK). Slides were mounted
with mounting media with DAPI (Vector Laboratories, Burlingame, CA, USA) before
sealed. Images were taken and quantified with Slidebook Digital Imaging System.

4.6 Western blot for ERK phosphorylation

E2 or E2-BSA was added to the cultures for 30min at 37°C. Cells were washed twice with
4°C PBS and lysed by incubation in lysis buffer (0.005% SDS, 0.1% IGEPAL in PBS) with
protease and phosphatase inhibitors for 30 min at 4°C. Cell lysates were cleared by
centrifugation at 12,000 rpm for 10 min and total proteins in supernatants were collected for
following analysis. Total proteins were analyzed by SDS-PAGE probed with antibodies
against active ERK (ERK1/2 [pTpY185/187], 1:750, Biosource (Wu et al., 2005)) and
normalized with probes for the total ERK (1:2500, Santa Cruz Bio Tech, Santa Cruz, CA,
USA). The membranes were incubated with horseradish peroxidase conjugated secondary
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antibodies (1:3,000, Vector Laboratories), and results were visualized with TMB peroxidase
substrate kit (\Vector Laboratories). Relative amounts of protein were quantified by optical
density analysis using UnScan-It software (Silk Scientific, Orem, UT, USA). To avoid inter-
assay variations, the values obtained were normalized with the value measured for the
vehicle-treated control cultures in each experiment. Data are presented as the mean +SEM
from 3 independent experiments.

4.7 Statistics

Data were analyzed with Sigma Stat software (Systat Software, Inc., Point Richmond, CA,
USA). Statistically significant differences between groups were determined by a one-way
ANOVA followed by Student-Newman-Keuls multiple comparison analysis. All values are
expressed as mean £SEM with p<.05 considered as minimum confidence level.
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Figure 1. E2-BSA-FITC labeled E2 membrane binding sites in cultured hippocampal neurons
(A) Series of Z-axis optical sections of an E2-BSA-FITC labeled neuron. (B) Representative
DIC (left) and fluorescence (right) images of E2-BSA-FITC labeled neurons. Of the 913
primary hippocampal neurons analyzed from 3 independent stainings, 266 or 29.13% were
specifically labeled with E2-BSA-FITC after incubated with 10ug/ml E2-BSA-FITC at
37°C for 30min. Insert shows a magnified neuronal process. Note the punctate signal
detected. (C) Representative DIC (left) and fluorescence (right) images of neurons after
incubation with 10 g/m BSA-FITC at 37°C for 30min. Scale bar represents 20pum.
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Figure 2. Selective estrogen receptor agonists competed with E2-BSA-FITC membrane binding
Representative DIC (left) and fluorescence (right) images of neurons pre-incubated with
4ug/ml free E2 (second row), 15uM estrogen receptor a selective agonist PPT (third row), or
15uM estrogen receptor 3 selective agonist DPN for 30min prior to E2-BSA-FITC was
added for an additional 30min. Pre-incubation with E2 completely abolished E2-BSA-FITC
membrane binding. Pre-incubation with PPT or DPN greatly reduced E2-BSA-FITC
membrane signal. In both the PPT and DPN conditions, most but not all E2-BSA-FITC
binding was inhibited indicating residual ERp and ERa receptors respectively labeled by E2-
BSA-FITC (arrowheads). Images are representative of total 180 neurons in each condition
studied across 3 independent experiments.Sca lebar represents 20um.
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Figure 3. Membrane E2 binding induced rapid calcium responses

Cultured rat hippocampal neurons subjected to fura-2 calcium imaging while incubated with
E2-BSA-FITC. (A) Pseudo color image showing 340/380 emission ratio prior to recording
to indicate positions of each neuron. (B) FITC image after recording to locate E2-BSA-FITC
bound neurons (#3, 4, 6, and 8). Figure 3 C shows the calcium responses in the first ten (top)
and the 20th to 30th (bottom) minutes after E2-BSA-FITC was added. The insert in Fig. 3C
shows the first three minutes in an expended scale. The rapid response time and differential
response profiles between the early and late response was consistent in the 25 neurons
examined across 3 experiments. Scale bar represents 20um.
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Figure 4. Membrane E2 binding induced ERK activation

(A) Cultured rat hippocampal neurons were incubated with 10pg/ml E2-BSA-FITC or BSA-
FITC and subjected to immunocytochemistry with phosphorylated ERK antibody. In total of
165 cells analyzed across 3 experiments, 47 of them were labeled with E2-BSA-FITC. ERK
activity was found elevated in 43 neurons and 41 of them were labeled with E2-BSA-FITC.
(B) In the representative image shown, the neuron bound to E2-BSA-FITC (arrow) exhibited
high phosphorylated ERK signal in nucleus and throughout cytoplasm. No phosphorylated
ERK signal was detected in neuron that did not bind to E2-BSA-FITC. BSA-FITC did not
bind to neurons nor did it activate ERK. Scale bar represented 20um. (C) Free E2 and
membrane impermeable E2-BSA both increased ERK phosphorylation. Whole cell lysates
were run on SDS-PAGE and probed with anti-pERK or total ERK antibodies.
Representative Western blots and normalized quantification of band density were shown.
*p<0.05 compared to control, n=3, Bars represent mean + SEM.
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GABA vGluT1 L type

Figure 5. E2-BSA-FITC co-labeled with neuronal markers

Cultured rat primary hippocampal neurons were labeled with E2-BSA-FITC then fixed and
immunofluorescently labeled with antibodies against GABA (left column), vGIuT1 (middle
column), and L-type channel (right column) to phenotypically labeled Eo-BSA-FITC labeled
neurons. Immunofluorescent signals detected with each antibody are shown in the top row.
E2-BSA-FITC signals are shown in the second row. Merged images of E2-BSA-FITC
labeling (green), respective phenotypic labeling (red) and nuclear DAPI labeling (blue), are
shown in the third row. GABA immunoreactivity was detected in 54% of E2-BSA-FITC
positive neurons vGIluT1 was detected in 57% of E2-BSA-FITC positive neurons. L-type
channel was detected in 100%E2-BSA-FITC positive neurons. Scale bar = 20pm.
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