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Abstract

Neuromodulation of synaptic plasticity by 17p-estradiol (E2) is thought to influence information
processing and storage in the cortex and hippocampus. Because E2 rapidly affects cortical
memory and synaptic plasticity, we examined its effects on phosphorylation of calcium/
calmodulin-dependent protein kinase 1l (CaMKII), extracellular signal-regulated kinase (ERK),
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and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) [AMPA-type
glutamate receptor subunit 1 (GIuR1 subunit)], all of which are important for the induction and
maintenance of synaptic plasticity and memory. Acute E2 treatment resulted in an increased
temporal and spatial phosphorylation pattern of CaMKII, ERK, and AMPAR (GIuR1 subunit). By
using inhibitors, we were able to attribute GIuR1 phosphorylation to CaMKII at serine 831, and
we also found that E2 treatment increased GIuR1 insertion into the surface membrane. Because
soluble amyloid-beta (AB) oligomers inhibit CaMKII and ERK activation, which is necessary for
synaptic plasticity, we also tested E2’s ability to ameliorate Ap-induced dysfunction of synaptic
plasticity. We found that estrogen treatment in neuronal culture, slice culture, and in vivo,
ameliorated AP oligomer-induced inhibition of CaMKII, ERK, and AMPAR phosphorylation, and
also ameliorated the AB oligomer-induced reduction of dendritic spine density in a CaMKII-
dependent manner. These phosphorylation events are correlated with the early stage of inhibitory
avoidance learning, and our data show that E2 improved inhibitory avoidance memory deficits in
animals treated with soluble ApB oligomers. This study identifies E2-induced signaling that
attenuates soluble AB peptide-mediated dysfunction of pathways in synaptic plasticity.
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1. Introduction

Activity-dependent rapid structural and functional modulations of excitatory synapses
contribute to synapse formation, experience-dependent plasticity, learning, and memory. In
forebrain pyramidal neurons, induction of long-term potentiation (LTP) causes rapid
enlargement of spine heads and simultaneous delivery of AMPAR (GIuR1 subunits) into
spines (Engert and Bonhoeffer, 1999; Kopec et al., 2006; Matsuzaki et al., 2004). Similar
modifications have been observed in the cortex in response to LTP (Connor et al., 2006) and
experience (Takahashi et al., 2003). These results provide the molecular mechanism for the
structural basis of LTP in dendritic spines from both the hippocampus and cortex.
Furthermore, it is known that NMDAR and L-type VGCC-dependent activation of CaMKI|
is necessary for both structural (increased spine density and enlargement of spine heads) and
functional (induction and maintenance of LTP) synaptic plasticity [Matsuzaki et al., 2004;
Lee et al., 2009].

Plasticity at synapses can be regulated at presynaptic sites by changing the release of
neurotransmitters, or postsynaptically by changing the number or properties of
neurotransmitter receptors. It has been shown that several activity-driven phosphorylation
events at the C-terminus of GIUR1 by protein kinase A (PKA) at serine 845 (Roche et al.,
1996) and by CaMKII and protein kinase C (PKC) at serine 831 (Boehm et al., 2006)
facilitate synaptic AMPAR delivery (Esteban et al., 2003; Song and Huganir, 2002).
Therefore, monitoring phosphorylation and AMPAR trafficking provides an effective means
to study cognitive function and dysfunction in animal models.

Modulation of synaptic plasticity is necessary for information processing and storage in
hippocampal as well as cortical networks (Marder and Thirumalai, 2002). Recently,
estrogen’s neuromodulatory role has been documented by showing that E2 treatment
enhanced glutamate release via rapid nongenomic action of PI3K in hypothalamic
presynaptic neurons and enhanced dendritic spine formation (Schwarz et al., 2008).
Moreover, the neuromodulatory role of E2 is thought to occur through local estrogen
formation in the pyramidal cells of the hippocampus and neocortex, thus affecting the
functions of excitatory synapses (Yague et al., 2008). E2-induced signaling increases spine
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density, neuronal network connectivity, and synaptic transmission (Woolley, 2007; Spencer
et al., 2008). Several mechanisms have been identified by which E2 may modulate synaptic
plasticity. E2 has been shown to potentiate L-type VGCC (Sarkar et al., 2008) and enhance
NMDAR-mediated synaptic activity and LTP (Smith et al., 2005). E2 has also been shown
to activate CaMKII (Sawai et al., 2002). Because NMDAR and AMPAR transmission and
LTP expression occur within minutes after E2 application, these effects of E2 are not
believed to be mediated via estrogen receptor-dependent genomic actions.

Activation of synaptic plasticity related kinases and phosphorylation of synaptic proteins are
the targets of Ap. Soluble synthetic AP oligomers and dimers isolated from Alzheimer’s
patients, decrease cell surface expression of NMDAR and AMPAR, inhibit LTP, inhibit
phosphorylation of CaMKII, ERK, and GIuR1, and decrease spine density (Snyder et al.,
2005; Shrestha et al., 2006). Spine loss is prevented by AP specific antibody or a small
molecule modulator of AB aggregation, scyllo-inositol (AZD 103) [Shankar et al., 2007]. In
an effort to understand whether E2-induced signaling is mechanistically linked to synaptic
plasticity, we have determined the phosphorylation patterns of CaMKII, ERK, and GIuR1
subunit in cortical and hippocampal neurons following treatment with E2. Because the
phosphorylation state of these proteins is down-regulated by soluble ApB oligomers, which is
linked to a decrease in spine density, we reasoned that E2 may ameliorate Ap-induced
dysfunction of synaptic plasticity. Our results show that estrogen treatment in neuronal
culture, slice culture, and in vivo, ameliorates Ap oligomer-induced inhibition of CaMKIl,
ERK, and AMPAR phosphorylation, and also ameliorates the Ap oligomer-induced
reduction of dendritic spine density in a CaMKII-dependent manner. These results suggest
that estrogen has the potential to prevent Ap oligomer-induced synaptic dysfunction.

2.1. Estrogen Rapidly Increased Phosphorylation of CaMKIIl, ERK, and GluR1 in Primary
Neuronal Culture

Estrogen has been shown to exert acute affects on synaptic physiology involving synaptic
plasticity related kinases such as CaMKII (Sawai et al., 2002) and ERK in primary
hippocampal neurons (Lee et al., 2004). Little is known about the temporal regulation of
these kinases in cortical neurons. Therefore, we investigated the phosphorylation state of
these kinases at different time points. E2 (10 nM) treatment in primary cortical neurons
resulted in a steady increase of normalized pCaMKII immunoreactivity from basal, starting
5 min after E2 treatment and with its maximum at 20 min (592 + 183%, compared to
control, n=3, p<0.001) [Figure 1A], followed by a decline in phosphoryation at 30 min (427
+ 27%, compared to control, n=3, p<0.01) and 60 min (324 + 50%, compared to control,
n=3, p<0.05) [Figure 1A]. Next we studied ERK activity by measuring its phosphorylation
state. E2 (10 nM) treatment also resulted in a steady increase of normalized pERK
immunoreactivity from basal, starting 5 min after E2 treatment and with its maximum at 30
min (1827 + 73%, compared to control, n=3, p<0.001) [Figure 1B], followed by a decline in
phosphorylation at 60 min (1074 = 204%, compared to control, n=3, p<0.001). To further
investigate the phosphorylation state of CaMKII and ERK, we determined the spatial
distribution of these kinases in primary cortical neurons. Immunoflorescent micrograph
showed that E2 treatment for 20 and 30 min increased phosphorylation of CaMKII and
ERK, respectively. This increased phosphorylation was visible in both the cell body and
membrane of the dendrites (Figure 1C and 1D).

We next sought to determine whether E2-induced activation of CaMKII can increase
phosphorylation of one of its substrates, GIuUR1 (CaMKII site serine 831). Using serine 831
pGIluR1 antibody we showed that E2 treatment in primary cortical neurons lead to the
increase of GIuR1 phosphorylation starting at 30 min (204 + 20%, compared to control, n=3,
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p<0.05) and phosphorylation was maximal at 60 min (403 £ 88%, compared to control, n=3,
p<0.001) [Figure 1E].

To determine which of the activated kinases (CaMKII, ERK, and/or PI3K) are necessary for
the E2-induced increase in phosphorylation of GIuR1, we used primary cortical neuronal
culture and treated with a CaMKI|I inhibitor (KN-93), a MEK inhibitor (U0126), or a PI3K
inhibitor (LY29402). Treatment with KN-93 for 30 min resulted in no inhibition of
phosphorylation of GIuR1 (E2, 140 + 6%, compared to E2 and KN-93, 120 + 16%),
whereas, KN-93 treatment for 60 min severely inhibited phosphorylation of GIuR1 at its
CaMKI|I site (serine 831) [E2, 431 + 24%, compared to E2 and KN-93, 169 + 19%, n=3,
p<0.001] (Figure 1F). The MEK inhibitor, U0126, had no inhibitory effect on the
phosphorylation of GIuR1 as shown in Figure 1F (E2, 431 + 24%, compared to E2 and
U0126, 442 + 40%). The PI3K inhibitor, LY29402, was similar to that of U0126, in that it
too had no inhibitory effect on the phosphorylation of GIuR1 (Figure 1F) [E2, 431 + 24%,
compared to E2 and LY 29402, 401 + 40%d.

2.2. Acute Estrogen Treatment Increased Phosphorylation of CaMKII, ERK, and GIuR1 in

Vivo

We next asked whether acute E2 treatment would have a similar effect on the
phosphorylation state of CaMKII, ERK, and GIuR1 in vivo as observed in vitro. For the in
vivo studies, E2 was injected subcutaneously (320 pg/kg) in ovariectomized rats and the
phosphorylation state of CaMKII, ERK, and GIuRL1 in the cortex was determined at 3, 6, and
24 hrs. The results for normalized pCaMKI| identified an increase from basal level at 3 hrs
(152 + 19%), with its maximum at 6 hrs (227 £ 37%, compared to control, n=3, p<0.01),
followed by return to basal level at 24 hrs (143 £ 46%) [Figure 2A]. For pERK,
phosphorylation was highest at 6 hrs (316 + 36%, compared to control, n=3, p<0.001),
followed by a return to basal level at 24 hrs (150 + 20%) [Figure 2B]. In the case of GIuR1
in vivo, phosphorylation was maximum at 6 hrs (353 £ 116%, compared to control, n=3,
p<0.01) and returned to basal level at 24 hrs (85 £ 28%) [Figure 2C].

2.3. Soluble AB1_4o Oligomers Abrogated and E2 Ameliorated Phosphorylation of GIuR1 at
its CaMKII Site in Primary Cortical Neurons

It has been reported that soluble AB,_4o treatment in hippocampal neurons, inhibits
phosphorylation of both CaMKII and GIuR1 (serine 831 site) [Zhao et al., 2004]. To
determine the effect of AP in cortical neurons, we analyzed the phosphorylation state of
GluR1 at its CaMKII site. As shown in Figure 3A, E2 (10 nM) treatment increased
phosphorylation of GIuR1 (455 + 152%, compared to control, n=3, p<0.001). E2 (10 nM)
exposure for 1 hr to Ap (0.5 uM, 24 hrs.) pretreated primary cortical neurons and in the
presence of AP, ameliorated Ap-induced inhibition of phosphorylation of GIuR1 (E2 and
ApB, 317 + 38%, compared to AP, 63 £ 10%, n=3, p<0.01) [Figure 3A]. Figure 3A also
shows that E2-induced phosphorylation of GluR1 was inhibited by CaMKII inhibitor
(KN-93) [E2, 455 + 152%, compared to E2 and KN-93, 218 + 55%, n=3, p<0.01].

2.4. E2 Prevented and Soluble AB1_42 Inhibited GIuR1 Trafficking in Primary Cortical

Neurons

It has been previously documented that activated CaMKII can modulate synaptic plasticity
by enhancing AMPAR channel conductance via GIuR1 phosphorylation at its CaMKII site
(Barria et al., 1997) and by delivering AMPAR to the synapse (Poncer et al., 2002). Thus we
sought to determine whether E2 treatment prevents AB1_4 inhibition of GIuR1 insertion
into the surface membrane. We used the surface labeling technique of biotinylation in
primary cortical neurons to quantify GIuR1 surface expression. As shown in Figure 3B, E2
(10 nM, 1 hr) treatment increased surface expression of GIuR1 (338 + 46%, compared to
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control, n=3, p<0.001). Ap-induced inhibition of GIuR1 insertion was ameliorated by E2
treatment (E2 and A, 270 = 17%, compared to A, 49 + 10%, n=3, p<0.001) [Figure 3B].

2.5. AB Oligomers Inhibited and Acute E2 Ameliorated Phosphorylation of CaMKII, ERK,
and GluR1 in Hippocampal Neurons

It has been shown that soluble AP treatment disrupts activation of CaMKII, ERK, and Akt/
PKB in chemically-induced LTP (cLTP) in hippocampal neurons (Townsend et al., 2007).
We report here that acute hippocampal slices prepared from normal mice showed AB-
induced inhibition of cLTP-induced phosphorylation of CaMKII (cLTP, 223 + 25%,
compared to cLTP and AB, 124 + 14, n=3, p<0.001, Figure 4A). E2 treatment increased
phosphorylation of CaMKII (cLTP and E2, 373 + 30%, compared to cLTP, 223 + 25%, n=3,
p<0.001), and E2 treatment ameliorated AB mediated cLTP-induced inhibition of
phosphorylation of CaMKII (cLTP, E2, and AB, 325 + 50%, compared to cLTP and AB, 64
+ 24%, n=3, p<0.001). Similar inactivation patterns were seen with ERK when compared to
CaMKI|I, as shown in Figure 4B (cLTP, E2, and AB, 274 + 20%, compared to cLTP and Ap,
68 + 8%, n=3, p<0.001). AMPAR (GIluR1 subunit) at the CaMKII phosphorylation site
(serine 831) but not the PKA phosphorylation site (serine 845), is known to be required for
LTP induction and memory formation (Lee et al., 2000 and 2003; Whitlock et al., 2006).
cLTP increased phosphorylation of GIuR1 at the CaMKII site (Figure 4C, 231 + 25%,
compared to control 100%, n=3, p<0.001). Ap inhibited cLTP-induced phosphorylation
(cLTP and AB, 78 + 25%, compared to cLTP, 231 + 25%, n=3, p<0.001), and E2
ameliorated AB-mediated cLTP-induced inhibition of GIuR1 phosphorylation (Figure 4C,
CLTP, E2, and AB, 232 + 34%, compared to cLTP and AP, 78 + 25%, n=3, p<0.001).

In vivo studies revealed that like in hippocampal slices, E2 increased the phosphorylation of
CaMKII (366 + 60%, compared to control 100%, n=3, p<0.01), ERK (256 + 62%, compared
to control 100%, n=3, p<0.01), and GIuR1 (211 + 49%, compared to control 100%, n=3,
p<0.01). E2 was also able to ameliorate the inhibitory effects of AB1_4» oligomers (CaMKIl,
244 + 69%, ERK, 207 + 45%, GIuR1, 200 * 37%, compared to AB, n=3, p< 0.5 and p<0.01)
[Figure 4D, 4E, and 4F].

2.6. AB Oligomers Decreased and E2 Ameliorated cLTP-induced Mushroom-type Spine

Density

To examine whether E2-mediated activation of CaMKII and/or increased phosphorylation of
GIluR1 correlates with the changes in AB-induced synaptic architecture and/or synaptic loss,
we analyzed spine morphology and spine density in adeno-associated virus containing green
florescent protein (AAV2-GFP)-infected pyramidal neurons from organotypic mouse
hippocampal slices (Figure 5A). AB1_4» exposure reduced by 50% number of mushroom-
type spines without affecting total spine density in cLTP activated pyramidal neurons. E2
treatment increased both mushroom-type and long-thin spines compared to cLTP. ApB-
mediated cLTP-induced inhibition of mushroom-type spine number was ameliorated by E2
treatment. Taken together, our results show that E2 ameliorates AB-induced decreased
phosphorylation of CaMKII, ERK, and GIluR1, and spine density.

Next, by using CaMKII and ERK inhibitors, we studied the mechanism by which E2
ameliorated AB-induced decreases in spine density. In the presence of E2, both mushroom-
type and long-thin spine density is increased, while total number of spines remains
unaffected (Figure 5B). Ap reduced mushroom-type spines and E2 ameliorated this decline
(Figure 5B). KN-93, a potent CaMKI| inhibitor, but not MEK inhibitor U0126, inhibited the
E2-induced increase in mushroom-type spine density. Induced CaMKII activation appears to
be the primary mechanism by which E2 ameliorates AB-induced decrease in spine density.
Previously we have shown that E2 directly potentiates L-type VGCC in hippocampal
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neurons (Sarkar et al., 2008). Thus, our results raise the possibility that E2 by potentiating L-
type VGCC activates CaMKII and ERK at the synapse, which has the potential to ameliorate
ApB-induced synaptic dysfunction.

2.7. E2 Treatment Prevented Soluble AB Oligomer-induced Impairment of Inhibitory
Avoidance Memory in Ovariectomized Rats

Increased phosphorylation of CaMKII and GIuR1 in the hippocampus correlates with the
early stage of IA learning memory formation (Cammarota et al., 1998; Whitlock et al.,
2006). Additionally, recent findings demonstrate that icv injection of soluble AB oligomers
isolated from AD patients impair IA memory (Townsend et al., 2007). In an effort to
demonstrate estrogen’s ameliorating effect on Ap-induced inhibition of phosphorylation of
CaMKII and GIuR1 and how this correlates with improvement of memory deficits caused by
ApB, we measured the |A memory performance of ovariectomized rats. Ap treatment showed
impairment of A memory and this impairment was reduced as a result of E2 treatment. The
latency differences between trial and test groups were all statistically significant as analyzed
by one way ANOVA with non parametric Kruskal-wallis test and Dunns post test (n=12,
p<0.05) but not the pair wise tests.(n=12, p>0.05). However unpaired t-test with 95%
confidence interval analysis revealed that Ap treatment in the presence of E2 showed
increased latency and was statistically significant (79 + 22% trial compared to 138 + 26%
test, n=12, one-tailed p value p<0.05) [Figure 6]. This is evident by counting the no of
animals in the test with 200 sec latency as is shown in the figure and described here. The
numbers are control:6, E2 :7, AB: 3, AB+E2: 8. Because increased latency signifies better 1A
memory formation, these results can be interpreted as E2 improved IA memory deficits in
animals treated with soluble Ap oligomers.

3. Discussion

E2-induced increases in structural and functional plasticity are associated with learning and
memory, whereas, decreases are associated with cognitive dysfunction (Sinopoli et al., 2006;
Spencer et al., 2008). Structural and functional synaptic plasticity dysfunction have been
implicated as the neuropathological correlates of severity of cognitive dysfunction in AD
(Terry et al., 1991; Shankar et al., 2008). The signaling mechanism by which E2 modulates
synaptic plasticity at the postsynaptic cortical neuron has not been well studied. We
therefore investigated E2-induced signaling pathways and asked which signaling mechanism
is responsible for linking structural and functional synaptic plasticity. We also asked
whether soluble Ap -induced dysfunction of signaling pathways involved in synaptic
plasticity can be attenuated by E2 treatment in cortical neurons.

Here we used a cortical and hippocampal neuronal system to elucidate the molecular
components involved in E2-induced rapid signaling pathways which link structural and
functional plasticity. After first determining that E2 was able to induce the activation of both
CaMKII and ERK, we assessed the possibility that either or both could be involved in
linking structural and functional plasticity. We next identified that activation of CaMKII is
the signaling mechanism for the E2-mediated increase in GIuR1 phosphorylation. Reduction
in CaMKI| activity by CaMKII inhibitor, KN-93, resulted in a decrease in the
phosphorylation of GIuR1.

Previous studies have shown that E2 modulates LTP (Cordoba Montoya and Carrer, 1997;
Foy et al., 1999) in the hippocampal region and increases CaMKII activation (Sawai et al.,
2002). It is also well known that NMDAR and L-type VGCC activation of CaMKI| is
necessary for both structural (spine growth and spine number) and functional (induction and/
or expression of LTP) plasticity in hippocampal neurons (Lee et al., 2009). Previously we
have shown that estrogen directly potentiates L-type VGCC (Sarkar et al., 2008). Therefore,
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E2 by potentiating L-type VGCC in cortical neurons may activate CaMKII which in turn
phosphorylates GIuR1 and modulates LTP induction and/or expression. LTP-inducing
stimuli cause the formation of new spines and enlargement of existing spines (Matsuzaki et
al., 2004; Nagerl et al., 2004; Okamoto et al., 2004). Insertion of more AMPAR (containing
GIuR1 subunits) to activated synapses is known to be critical for LTP induction and/or
maintenance (Malinow and Malenka, 2002). Phosphorylation of GluR1 by CaMKI| also
modulates synaptic plasticity by delivering AMPAR to the synapse (Poncer et al., 2002).
Our surface biotinylation studies revealed that E2 increased surface levels of GIluR1
phosphorylated at serine 831. These findings are consistent with studies showing that serine
831 phosphorylation is critical for regulating subcellular trafficking of GIuR1 (Liao et al.,
2001). Also, our results raise the intriguing possibility that AMPAR can be modified and
recruited rapidly to silent synapses via the E2-induced signaling mechanism in
spontaneously activated primary cortical neurons.

Acute application of soluble A oligomers impaired CaMKII, ERK, and Akt/ protein kinase
B (PKB) activation in mature hippocampal culture (Townsend et al., 2007). Furthermore,
soluble Ap dimers isolated directly from the cerebral cortex of patients with AD, potently
inhibited LTP and reduced dendritic spine density (Shankar et al., 2008). As these activated
kinases are key players for induction and/or maintanience of LTP as well as spine growth,
inhibition of these processes by soluble AB oligomers could lead to dysfunction of structural
and functional synaptic plasticity. Because soluble AB oligomers inhibited CaMKII
activation, blocked onset of LTP, and inhibited phosphorylation of GIuR1 at its CaMKII, we
tested the possibility that E2 can ameliorate AB-induced inhibition of CaMKII-dependent
phosphorylation of GIuR1. Our data substantiate this possibility, providing direct evidence
that E2 has the potential for ameliorating AB-induced inhibition of CaMKII mediated
phosphorylation and loss of GIuR1 surface expression. Electronmicroscopic studies show a
positive correlation between spine size, synapse number, and synaptic AMPAR number
(Takumi et al., 1999). Thus E2-induced increments of surface expression of GIuR1 may be
mechanistically linked to new spine formation. Recent findings show that increased
phosphorylation of CaMKII and GIuR1, in addition to rapid stabilization, accumulation, and
enlargement of dendritic spines (Roberts et al., 2010), occur at the onset of behavioral
learning. Soluble A inhibits many of these synaptic plasticity related events (Townsend et
al., 2007). Mechanistically, we show that E2 by ameliorating AB-induced inhibition of
phosphorylation of CaMKII and GIuR1, as well as inhibition of accumulation of mushroom-
type dendritic spines, improves |A memory deficits in ovariectomized rats treated with
soluble Ap oligomers. The particular mechanism (s) by which E2 attenuates soluble Ap-
mediated dysfunction of synaptic plasticity is unknown. We and others have shown that
primary hippocampal neurons express both ER-o. and ER-B (Jelks KB et.al, 2007. Yang S-H
et al. 2009). Also it has been reported that non genomic and very rapid activation of CaMKII
is ER-dependent (Sawai T et al., 2002.). Moreover, in hippocampal neurons phosphorylation
of GIuR1 is induced by ER-B specific agonist (Liu et al., 2008). The identity of the ER
involved in potentiation of synaptic plasticity and memory has not yet been fully confirmed.
For example, in one report, ER-a but not ER-B (Ikeda M et al., 2008), yet in another report
ER-B but not ER-a (Liu et al 2008.) regulates hippocampal synaptic plasticity and enhances
cognitive performances in rodents. Previously we and other laboratory have shown that
estrogen directly potentiates L-type VGCC (Sarkar et al., 2008 ; Wu et al., 2005). We
hypothesize E2 by potentiating L-type VGCC in cortical as well as hippocampal neurons
activate CaMKII which in turn phosphorylates GluR1 and modulates LTP induction and/or
expression. LTP-inducing stimuli cause the formation of new spines.

Decades of research in both humans and other animals has provided evidence that E2
enhances synaptic plasticity and memory. Investigating E2-induced signaling molecules that
target synaptic plasticity machinery will not only provide the molecular mechanisms of
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synaptic plasticity that correlate with memory, but will also provide a therapeutic strategy
that may ameliorate age and AD-related dementia.

4. Experimental Procedures

4.1. Primary Neuronal Culture

At embryonic day 18 (E18), pregnant rats were anesthetized and cervically dislocated. The
brains of pups were removed and placed into magnesium (Mg2*) free Hank’s balance salt
solution (HBSS). Cortices and hippocampi were removed under a dissecting microscope,
washed, and placed into neurobasal culture media (without phenol red) supplemented with
B27 and pen-strep (all from Gibco, Carlsbad, CA). The cortices and hippocampi were
triturated using a graded series of fine polished Pasteur pipettes, and then filtered through a
40 um nylon cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ). The neurons
were plated on poly-L-lysine coated 100 mm dishes and glass coverslips, and cultured in
vitro in 95% humidity and 5% CO, atmosphere for 15 days. At day 2 cells were treated with
5 uM 1-beta-d-arabinofuranosylcytosine (AraC) to inhibit glial cell growth.

4.2. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 20
minutes. After a 1 hour block with 5% bovine serum albumin (BSA), coverslips were
incubated with the appropriate primary antibody (anti-phospho-CaMKI|; anti-phospho-
ERKZ1/2) over night at 4°C, then washed with PBS (three 5 minute washes) and incubated
with the appropriate secondary antibody (goat anti-mouse or goat anti-rabbit Alexa Fluor
633, Invitrogen, Carlsbad, California) for 1 hour, followed by 3 PBS washes. Samples were
visualized using laser scanning confocal microscopy.

4.3. Surface Labeling

Cortical neurons, while still in the petry dish, were incubated with PBS containing 1.5 mg/
ml EZ-link sulfo-NAS-LC-biotin (Pierce Biotechnology, Inc., Rockford, IL) for 20— 30
minutes at 4°C. Cells were removed from the dish, washed with PBS, and then centrifuged.
Washed cells were lysed and the supernatant was incubated with immobilized neutravidin
protein (Pierce Biotechnology, Inc., Rockford, IL) for 1 hour at room temperature. Protein
beads were obtained by centrifugation and washed 3 times with PBS. Protein beads were
dissolved in sodium dodecyl sulfate (SDS) sample buffer.

4.4. Slice Preparation

The hippocampus encompassing the CA3-CAL1 region was dissected out and 360 um thick
slices were prepared from postnatal day 5 (P5) male C57BL/6 mice in oxygenated artificial
cerebral spinal fluid (ACSF) solution using a vibrotone. Immediately after cross-sectioning,
organotypic hippocampal slices were maintained as roller-tube cultures as described by the
published method (Gahwiler, 1981). Cultures were grown in steroid deficient and phenol-red
free neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with B27 (Invitrogen,
Carlsbad, CA). 3—4 days after culturing, these slices were used for the experiments
described.

4.5. cLTP Induction

Hippocampal slices were infected with AAV2-GFP viruses in neurobasal medium and
incubated for four days. Infected slices were then first washed with ACSF [mM: Sucrose
206, KCI 2.8, CaCl 1, NaH,PO4 1.25, NaHCO3 26, D-glucose 10, Sodium Ascorbate 0.4,
pH 7.4], and then cLTP was induced by incubating the slices in ACSF containing 10 uM
picrotoxin and 200 puM glycine for 3min according to the protocol described by Lu et al.,
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2001. Immediately after 3min. ACSF solution was replaced and the slices were incubated in
neurobasal medium in the presence or absence of soluble Ap (0.5uM) and E2 (10nM) for
2hr. Immediately after the treatment two-photon confocal images of live slices were
acquired.

4.6. Soluble AB Oligomer Preparation

Synthetic AB1_42 (Tocris, Ellisville, Missouri) was prepared without the fibrillar component
according to the published method (Lambert et al., 2001). In brief, AB1_4» was dissolved in
anhydrous dimethyl sulfoxide (DMSO) to 5 mM, which was then added to ice cold ACSF to
100 uM. This solution was incubated at 4°C for 24 hours, and then centrifuged at 14,0009
for 10 minutes. The supernatant comprised of fibrillar-free oligomers, as well as monomers,
was used for the experiments performed in this study. Protein concentration was determined
from the supernatant and its molarity was calculated (0.5 uM).

4.7. Western Blot Analysis

After the respective treatments, primary neurons, neuronal tissue, or individual slices were
homogenized in 100 uL of ice cold buffer containing 50 mM Tris, 10 mM Mg2*, 1 mM
EDTA, 1 mM EGTA, 10 mM benzamide, 100 ng/ml leupeptin, 100 ng/ml aproteinin, 0.08
mM sodium molybdate, 0.01% tritonX-100, 10 pM okadoic acid, and 2 mM sodium
pyrophosphate, pH 7.4. Aliquots of the lysed and sonicated homogenate were taken to
determine protein concentration using protein assay reagent (Bio-Rad Laboratories,
Hercules, CA). Samples containing 30 g protein were electrophoresed on a SDS/PAGE
gel. The protein was transferred onto PVDF membrane (Millipore, Billerica, MA), blocked
for 1 hour with PBS containing 4% non-fat dried milk, and probed overnight at 4°C with
primary antibody. A polyclonal antibody against the alpha subunit of CaMKI|I
phosphorylated at threonine 286 (Cell Signaling Technology, Danvers, MA) was used at a
dilution of 1:1000 to detect activation of the kinase (autophosphorylation). A monoclonal
antibody against ERK phosphorylated at tyrosine 204 (Santa Cruz, CA) was used at a
dilution of 1:1000 to detect activation. A polyclonal antibody was used at a dilution of
1:1000 to recognize GIluR1 phosphorylation at the CaMKII site (serine 831, Upstate,
Temecula, CA). After washing 3 times with PBS, the membranes were further incubated at
room temperature with horseradish peroxidase conjugated secondary antibodies (Bio-Rad
Laboratories, Hercules, CA) at a dilution of 1:1000. The proteins were visualized with
supersignal chemiluminesence (Pierce Biotechnology, Rockford, IL) using UVP software
(Upland, CA). For the loading control, membranes were stripped and reprobed with total
antibody. Antibodies for total CaMKIlI, total ERK, and total GIuR1 were used at a dilution
of 1:1000.

4.8. Icv Injection

A well established icv injection protocol was used (Lu et al., 2002). In brief, the anesthetized
ovariectomized female rats were fixed in the stereotaxic frame, and the subcutaneous tissue
over the bregma was anesthetized with Xylocaine. The scalp was incised and a bar hole was
drilled in the skull near the right coronal suture, 0.9 mm posterior to the bregma and 1.5 mm
lateral to the midline. A needle (30-gage) connected to a 10 pl Hamilton syringe, fixed in the
stereotaxic frame 4 mm ventral to the skull surface, was then slowly inserted and 3 pl of
either vehicle (ACSF) or AB1_4» oligomer solution was injected slowly at a rate of 1 pl per
minute. The needle was kept in place for 15 minutes to prevent any leakage from the
ventricle, before being removed.
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4.9. Live Animal Drug Administration and Tissue Procurement

Female Charles River Sprague-Dawley rats were maintained in laboratory acclimatization
for 3 days before ovariectomy. All animal procedures were reviewed and approved by the
University of North Texas Health Science Center Institutional Animal Care and Use
Community. Bilateral ovariectomy was performed 3 weeks prior to subcutaneous drug
administration. E2 was dissolved in absolute ethanol and then corn oil (Penta
Manufacturing, Airfield, NJ) at a concentration of 320 ug/ml. Ethanol was evaporated by
incubation at 50°C overnight. A single subcutaneous injection of E2 (320 ug/kg, 3hrs.) or
vehicle was administered, as described by our laboratory (Yang et al., 2003).

4.10. Production of Recombinant Adeno-Associated Virus 2 and Infection of Hippocampal
Slice Culture

The helper plasmid pDG, which contains both the AAV2 genes (rep and cap) and helper
genes (Grimm et al., 1998), was used to generate recombinant AAV2. Recombinant AAV2
vectors were packaged, purified, concentrated, and tittered as described by the published
method (Zolotukhin et al., 1999). Recombinant GFP containing AAV2 particles were used
at a multiplicity of infection (MOI) of 100. For spine structure analysis the hippocampal
slices were incubated with AAV2-GFP containing viruses and grown for 3 days for the
expression of GFP in hippocampal neurons.

4.11. Inhibitory Avoidance Test

Female Charles River Sprague-Dawley rats (2 months old) were ovariectomized according
to the protocol previously mentioned, and 3 weeks later were given an icv injection of
AB1_4» oligomers or ACSF (0.5 uM), and/or a subcutaneous injection of E2 (300 pg/kg).
Animals that were icv injected were trained for inhibitory avoidance memory using a
GEMINI inhibitory avoidance (1A) system (San Diego Instruments San Diego, CA),
according to the suppliers protocol 24 hrs after injection. Training consisted of allowing the
rat to cross from an illuminated chamber into a dark chamber where a foot shock was
delivered (scrambled shock was delivered at 2.0 mA for 2 sec). All animals underwent 1
training session (50 sec maximum allowed time), and were immediately re-caged for 3 hrs
and then were tested (200 sec maximum allowed time). Memory of this experience was
assessed by measuring latency to enter the dark chamber. Animals subcutaneously injected
with E2 were trained 1 hr. after injection. Again, animals underwent 1 training session (50
sec maximum allowed time), and were immediately re-caged for 3 hrs and then were tested
(200 sec maximum allowed time).

4.12. Statistical Analysis

Densitometric analysis of western blots was conducted using LabWorks Image Acquisition
and Analysis software (UVP, Inc., Upland, CA). Densitometric data from at least three
independent experiments was subjected to ANOVA, followed by Newman- Keuls Multiple
Comparison Test or Bonferroni Test, for the assessment of group differences, and was
presented as a bar graph depicting the average + SD, using GraphPad Prism software (La
Jolla, CA). *, p<0.05, **, p<0.01, ***, p<0.001. For the spine structure and spine density
analysis the hippocampal slices expressing GFP were used for live cell imaging while
submerged in ACSF. Whole pyramidal neurons were imaged by two-photon laser scanning
microscopy using Zeiss LSM510 with wide tunable, mode locked, TiSapphire Laser (1.5W
Chamelon-XR, Coherent, Inc., CA). 910nm excitation was used for imaging GFP. Images of
individual CA1 green (GFP) pyramidal neurons were used to make filament objects of
spines and dendrites using Imaris XT software (Bitplane, Saint paul, MN). From the traces
stubby, mushroom, and thin type spines were sorted using MatLab XT software (Bitplane,
Saint paul, MN). Finally, spines were classified by using “classify spines” program from the
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MatLab software and this was displayed as color coded spine heads, for example red, green,
and blue as stubby, mushroom, and long-thin, respectively. Spine data from at least three
independent experiments was subjected to two-way ANOVA, followed by Bonferroni Test,
for the assessment of group differences, and was presented as a bar graph depicting the
average * SD, using GraphPad Prism software (La Jolla, CA). ***, p<0.001. For behavioral
data all the groups were analyzed both by one way ANOVA with non parametric Kruskal-
wallis test and Dunns post test and by unpaired t-test with 95% confidence interval using
GraphPad Prism software.
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FIGURE 1. Estrogen Induces Phosphorylation of CaMKII, ERK, and GIuR1 in Primary
Neuronal Culture

E2 (10 nM) temporally regulated the phosphorylation of CaMKII, ERK, and GIuR1 in
primary cortical neurons. A) Phosphorylation was seen within 5 min and was maximum at
20 min for CaMKII (592 + 183%), while B) ERK phosphorylation was seen within 5 min
but was maximum at 30 min (1827 + 73%). E2 also induced phosphorylation of CaMKII
and ERK in the cell body and dendritic extensions of primary cortical neurons. Cortical
neurons untreated or treated with E2 (10 nM) for either 20 min or 30 min were labeled with
C) phospho-CaMKII or D) phospho-ERK, respectively, and visualized by fluorescence
microscopy. E) E2 (10 nM) temporally regulated the phosphorylation of GIuR1 in primary
cortical neurons. GIuR1 was phosphorylated at 30 min but was maximal at 60 min (403 +
88%). F) Primary cortical neurons were treated with E2 (10 nM) in the presence or absence
of CaMKII inhibitor (KN-93, 5 uM), MEK inhibitor (UO126, 10 uM), and PI3K inhibitor
(LY29402, 10 uM) for 30 and 60 min. Induction of phosphorylation of GIuR1 at serine 831
was inhibited by KN-93 (169 + 19%) but not U0126 (442 + 40%) and LY 29402 (401 +
40%) compared to 60 min vehicle-treated (DMSQO) control. Data are mean + SD. *, p<0.05,
** p<0.01, ***, p<0.001, versus time 0 or 30 min or groups connected by bars as
determined by one-way ANOVA followed by Newman-Keuls Multiple Comparison Test or
two-way ANOVA followed by Bonferroni Test, n=3 (3 independent experiments).
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FIGURE 2. Estrogen Induces Phosphorylation of CaMKII, ERK, and GIuR1 In vivo
Subcutaneous injection of E2 (320 pg/kg) in ovariectomized rats significantly increased
phosphorylation of A) CaMKII, B) ERK, and C) GIuRL1, 6 hrs after injection (227 £ 37%,
316 + 36%, and 353 + 116%, respectively), and all returned to their respective basal levels at
24 hrs. Data are mean + SD. *, p<0.05, **, p<0.01, ***, p<0.001, versus time 0 or groups
connected by bars as determined by one-way ANOVA followed by Newman- Keuls
Multiple Comparison Test, n=3 (3 independent experiments).
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FIGURE 3. E2 Ameliorates Ap-induced Inhibition of GIuR1 Phosphorylation and Decreased
GluR1 Membrane Insertion

A) E2 ameliorates Ap-induced inhibition of GIUR1 phosphorylation in primary cortical
neurons. Primary cortical neurons (E18) were grown 15 DIV and were pretreated with
soluble AB1_42 oligomers (0.5 uM) for 24 hrs. Neurons were then treated with or without E2
(10 nM) for 1 hr in the presence or absence of KN-93. Ap treatment decreased GIluR1
phosphorylation (63 £ 10%), while E2 ameliorated Ap’s effect (317 + 38%). E2-induced
phosphorylation was inhibited by KN-93 (218 £ 55%). B) GIuR1 insertion into the
membrane of primary cortical neurons. Primary cortical neurons (E18) were grown 15 DIV
and were pretreated with soluble AB1_4, oligomers (0.5 uM) for 24 hrs. E2 (10 nM)
treatment for 1 hr increased surface expression of pGIuR1 (serine 831) and AP treatment
inhibited this surface expression (338 + 46% and 49 + 10%, respectively). The surface
expression of pGIuR1 (serine 831) was normalized with surface expression of GABA
receptor. E2 treatment ameliorated AB-induced inhibition of GIuR1 insertion into the
membrane of cortical neurons (270 + 17%). Data are mean + SD. **, p<0.01, ***, p<0.001,
versus control or groups connected by bars as determined by one-way ANOVA followed by
Newman-Keuls Multiple Comparison Test, n=3 (3 independent experiments).
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FIGURE 4. AB1_42 Oligomers Inhibit and Acute E2 Ameliorates Phosphorylation of CaMKI|,
ERK, and GluR1 in Hippocampal Neurons

E2 (10 nM) showed a significant increase in phosphorylation of CaMKII (Figure 4A), ERK
(Figure 4B), and GIuR1 (Figure 4C), but AB inhibited the induction of their phosphorylation
(Figure 4A-4C). E2 ameliorated AB-mediated cLTP-induced inhibition of phosphorylation
of these proteins. In vivo AB oligomer (0.5 uM) exposure to the hippocampus by icv
injection to ovariectomized rats for 24 hrs inhibited the phosphorylation of CaMKII (Figure
4D), ERK (Figure 4E), and GIuR1 (Figure 4F). Subcutaneous E2 treatment (320 pg/kg) 24
hrs later for 3 hrs, ameliorated AB-mediated inhibition of phosphorylation of these proteins.
Data are mean £ SD. * p<0.05, ** p<0.01, *** p<0.001, versus control or groups connected
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by bars as determined by one-way ANOVA followed by Newman-Keuls Multiple
Comparison Test, n=3 (3 independent experiments).
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FIGURE 5. Effects of AB1_42 Oligomers and E2 on Hippocampal Spine Density and Spine Type
A) E2 (10 nM) increased mushroom- and long-thin-type spine density [0.35 £ 0.03 spines/
pm and 0.77 £ 0.035 spines/pm, respectively]. Soluble AB1_4o oligomer (0.5 pM) treatment
reduced mushroom-type spine density (0.07 + 0.005 spines/um). E2 (10 nM) treatment
ameliorates AB-induced mushroom-type spine density loss (0.15 + 0.01 spines/pm). B)
KN-93, but not U0126, inhibits an E2-induced increase in mushroom-type spine density (E2,
0.59 + 0.02 spines/um, E2 and KN-93, 0.20 * 0.02 spines/pum). Data are mean £ SD. ***,
p<0.001, versus control or groups connected by bars as determined by two-way ANOVA
followed by Bonferroni Test, n=6 (3 independent experiments).
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Passive Avoidance Testing in Ovariectomized Rats
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E2- subcutaneous injection (300 ng/kg)
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FIGURE 6. Effects of E2 and Soluble Ap Oligomers Administered Alone or in Combination on
Inhibitory Avoidance Memory in Ovariectomized Rats

Columns depict latency taken to enter the dark chamber before and after foot shock (trial
and test, respectively). 24 hrs after icv injection of ACSF (sham treatment) animals were
trained and 1A memory task was tested 3 hrs after foot shock (column 1 trial, column 2 test).
E2 was subcutaneously injected (300 pg/kg) 1 hr before the trail and animals were tested 3
hrs after the trial [column 3 and 4]. 24 hrs after icv injection of AB1_42 oligomers (0.5 uM)
memory task was tested as described above (column 5 trial, column 6 test). For treatment
with AB and E2 the above protocol was again followed (column 7 trial, column 8 test). Data
are mean + SEM. *, p<0.05, versus groups connected by bars as determined by unpaired t
test, n=12 (12 animals per group).
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