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Abstract

One of the pathological hallmarks of Alzheimer’s disease (AD) is neurofibrillary tangles (NFTS),
which are composed of abnormally hyperphosphorylated tau, but the mechanism of tau
hyperphosphorylation in AD is still unclear. To investigate the effects of estrogens on tau
phosphorylation, SH-SY5Y cells were treated with okadaic acid (OA), a serine/threonine
phosphatase inhibitor, to induce tau phosphorylation and the effects of estrogen were observed by
co-treatment with 17p-estradiol (E2). We found that OA induced in vitro tau
hyperphosphorylation, which was prevented by E2 in a dose-dependent manner. This effect of E2
was partially blocked by an estrogen receptor (ER) antagonist, ICI 182,780. In addition to tau
hyperphosphorylation, inhibition of serine/threonine phosphorylation induced upregulation of
cdk5 levels, which was attenuated by E2 in a manner that was counteracted by 1CI 182,780. Our
results show that cdk5 is involved in OA induced tau hyperphosphorylation, and estrogens
ameliorate the tau hyperphosphorylation, which may be mediated in part by ER.
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1. Introduction

Tau proteins are microtubule associated proteins that are abundant in neurons (Weingarten
et al., 1975). Physiologically, tau plays a key role in microtubules stabilization, axonal
transportation and neurite outgrowth (Avila et al., 2004; Devred et al., 2004; Johnson and
Stoothoff 2004; Weingarten et al., 1975). Pathologically, tau is abnormally
heyperphosphorylated and its aggregation and deposition is found in many
neurodegenerative disorders including AD (Devred et al., 2004; Grundke-lgbal et al., 1986a;
Grundke-Igbal et al., 1986b; Johnson and Stoothoff 2004; Lace et al., 2009). Tau is a
phosphoprotein whose expression and phosphorylation is well regulated (Baudier and Cole
1987; Grundke-Igbal et al., 1986a; lhara et al., 1986). The longest human tau contains 441
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residues, including 79 putative serine and threonine residues and 5 tyrosine residues located
in two proline-rich regions (Johnson and Stoothoff 2004). The phosphorylation of these
residues affects the binding of tau to microtubules, leads to tau dysfunction and ultimately
results in cell death (Goedert et al., 1989; Hernandez and Avila 2007; Johnson and Stoothoff
2004). Although many protein kinases are able to phosphorylate tau in vitro (Correas et al.,
1992; Drewes et al., 1992; Hanger et al., 1992; Liu et al., 2008), only a few are thought to be
good candidates in vivo. GSK3p and cdk5 were first isolated from bovine brain microtubules
and named tau protein kinase | (TPK I) and TPK 1l (Ishiguro et al., 1992; Ishiguro et al.,
1993; Uchida et al., 1994). The dephosphorylation of phospho-tau is mainly mediated by
protein phosphatases (PPs), among which PP2A is considered the major phosphatase in vivo
(Gong et al., 2000; Liu et al., 2005). In selected areas of AD brain, both the expression and
activity of PP2A have been reported to be reduced (Gong et al., 1993; Gong et al., 1995;
Sontag et al., 2004; VVogelsberg-Ragaglia et al., 2001). It has been proposed that the
imbalance between tau phosphorylation and dephosphorylation is critical to AD (Arendt et
al., 1998; Gong et al., 2006). This disturbance could be due to the increase of tau kinases
activity, decrease of tau PPs activity, or both.

Estrogens, which have been established as potent neuroprotectant, have been considered as a
potential treatment for AD (for review see Singh et al., 2006). The prevalence of AD is
higher in woman, and epidemiological studies have indicated that estrogen protects against
AD (Filley 1997). Clinical studies have shown that postmenopausal women with estrogen
deficiency are at risk for neurodegenerative diseases (Paganini-Hill and Henderson 1994)
and postmenopausal estrogen therapy reduces the risk or delay the onset of AD (Henderson
et al., 1994). This evidence suggests that estrogen deficiency may be a contributing factor in
AD and estrogen could be a treatment for AD. Based on this, we hypothesize that estrogen
can prevent tau phosphorylation. To test the hypothesis, we treated female human
neuroblastoma SH-SY5Y cells with a PP1/2A inhibitor, okadaic acid (OA), to induce tau
phosphorylation and the neuroprotective effect of 17p-estradiol (E2) was observed via co-
treatment with E2. We also examined the role of certain tau kinases, cdk5 and GSK3 B, in
the estrogen neuroprotective pathway.

2.1 Estrogen prevent OA-induced tau phosphorylation in a dose-dependent manner

To examine the effects of OA and/or estrogen on tau phosphorylation, human neuroblastoma
SH-SY5Y cells were treated with OA (100 nM) in the absence or presence of various
concentrations of 17f-estradiol (0, 10 nM, 100 nM, 1 pM, 10 uM). After three hours co-
treatment, protein samples were collected to assess the phosphorylation state of tau by
Western blot analysis. As Figure 1 shows, OA (100 nM) induced a 3-fold increase in tau
phosphorylation at a proline-directed site (Thr 205) (p < 0.05) in SH-SYS5Y cells, which was
attenuated by 17B-estradiol in a dose-dependent manner. 10 uM of estradiol reduced
phosphorylated tau to control level (p < 0.01) and was significantly difference from the other
three estrogen groups.

2.2 Estrogen prevent OA induced tau phosphorylation mediated by ER

To determine the role of ER, we treated SH-SY5Y cells with 17 p-estradiol (10 uM) of in
the presence or absence of OA (100 nM) and ICI 182,780 (1uM) for three hours. As shown
in Figure 2A, OA induced tau phosphorylation by 4-folds. Neither 17p-estradiol nor ICI
182,780 alone had any effect on tau phosphorylation (Figure 2), but both prevented the OA-
induced tau phosphorylation (p < 0.05). In the presence of ICI 182,780, the E2-mediated
effect on tau phosphroylation was partially blocked (p < 0.05) (Figure 2).
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2.3 The effects of estrogen on tau kinases

In order to investigate the possible mechanisms of estrogen-mediated prevention of OA-
induced tau phosphorylation, SH-SY5Y cells were treated with OA (100 nM) in the
presence or absence of 17 B-estradiol (10 uM) and ICI 182,780 (1uM). After three hours
exposure, protein samples were collected for assessing certain tau kinases levels including
cdk5, GSK3p and ERK1/2. As shown in Figure 3A, OA alone increased cdk5 (p < 0.05)
while 17B-estradiol or ICI 182,780 had no effect. The OA-induced cdk5 increase was
attenuated in the presence of 17p-estradiol (p < 0.01) but not ICI 182,780 (p > 0.05).
Further, the effects of 17p-estradiol were partially blocked by ICI 182,780 (p < 0.05). OA
increased p25 expression (p < 0.05) which was attenuated by 17p-estradiol (p < 0.05), while
17pB-estradiol or ICI 182,780 alone had no effect (Figure 3B). As shown in Figure 4, OA
alone increased GSK3 (p-Ser 9) expression, which is the inactive state of the enzyme (p <
0.05); 17B-estradiol or ICI 182,780 alone did not have any effect. The OA-induced GSK3p
increase was attenuated by co-treatment with 17B-estradiol (p < 0.05) but not ICI 182,780 (p
> 0.05); and this effect of 17p-estradiol was partially blocked by ICI 182,780 (p < 0.01).
There were no changes observed on p-ERK/total ERK after treatment (data not shown).

3. Discussion

In the present study, we showed that OA induces tau phosphorylation in SH-SY5Y
neuroblastoma cells. This OA effect was dose-dependently reduced by E2 in a manner that
was partially antagonized by the ER antagonist, 1C1182,780. OA also causes an increase in
cdk5 and p25 levels, an effect that may exacerbate tau hyerphosphorylation, but OA
stimulated the inactive form of GSK3p. Collectively, these data indicate that OA exposure
induces an imbalance between phosphatases and kinases leading to the
hyperphospharylation of tau and E2 largely prevents these effects.

The tau phosphorylation at proline-directed site (Thr 205) seen in SH-SY5Y neuroblastoma
cells induced by inhibition of PP1/2A is consistent with our previous in vivo study showing
that OA dorsal hippocampal infusion of OA induces tau phosphorylation (Thr 205) in the
hippocampus and cortex (Zhang and Simpkins, 2008). Studies from Alvarez-de-la-Rosa et
al. also showed that OA induced hyperphosphorylation of tau in non-proline-directed site
(Ser 262) (Alvarez-de-la-Rosa et al., 2005). Studies from other groups have been shown that
OA induce phosphorylation of tau at different sites, including Ser 396/404 (Ekinci and Shea
1999), Ser 202/205 (Ekinci et al., 2003) and Ser 262 (Alvarez-de-la-Rosa et al., 2005).
Abnormal tau hyperphosphorylation has been associated with the decreased stability of
microtubules and accumulation as tangles of PHFs in neurons undergoing degeneration
(Alonso et al., 1996; Ballatore et al., 2007). The microtubules binding ability of tau, which is
considered to be the main mechanism that regulates the affinity of tau to the microtubules
(Ballatore et al., 2007; Mazanetz and Fischer 2007), is post-translationally regulated by
serine/threonine-directed phosphorylation. Responding to phosphorylation and
dephosphorylation, the cycles of binding and detachment of tau from microtubules affect
axonal transportation (Avila et al., 2004; Devred et al., 2004; Johnson and Stoothoff 2004;
Weingarten et al., 1975). This equilibrium is determined by the phosphorylation state of tau,
which is further controlled by the actions of kinases and phosphatases (Sergeant et al.,
2005). We previously found that dorsal hippocampal infusion of OA can induce tau
phosphorylation and cognitive deficits similar to those seen in AD, which are also seen in
other in vivo studies (Alonso et al., 1996; Arias et al., 1993).

We found that the OA induced tau phosphorylation at proline-directed site (Thr 205) in SH-
SY5Y cells can be prevented by 17p-estradiol in a dose-dependent manner. A 50%
reduction in the effects of OA were observed by the 100 nM concentration of E2, and 10 M
E2 completely prevented tau hyperphosphorylation induced by OA. This dosimetry argues
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for an ER-mediated effect at low E2 concentrations, and a non-ER-mediated effect at higher
concentrations. This hypothesis is consistent with our observation that OA cause a profound
pro-oxidant stress (Yi et al., 2009) and that E2 has antioxidant properties (Green and
Simpkins 2000) and our observation that ICI 182,780 only partially blocked the E2 effect.
Other study also showed that ER antagonist can block the effect of estrogen on tau
phosphorylation induced by OA at non-proline-directed site (Ser 262) (Alvarez-de-la-Rosa
et al., 2005). It has been reported that both ERa and ERp are expressed in SH-SY5Y cell
line (Bang et al., 2004). Although ICI 182,780 has been shown to bind to ER receptor as a
pure ER antagonist, the actual mechanisms of ICI 182,780 remains poorly understood. It has
been reported that ICI 182,780, at very high concentration, is able to induce ER dimerization
and ER-dependent transcription (Dudley et al., 2000), which may explain why only partial
blockade of estrogen effect on tau phosphorylation by ICI 182,780 was seen in our study;
and our observation that ICI 182,780 also reduced tau phosphorylation by itself. Another
possibility is that the high concentration of estrogen used exerts its protective effect via a
non-receptor pathway masking the receptor-mediated effect.

We found that the OA-induced increase in GSK3p (p-Ser 9) and cdk5 levels were prevented
by estrogen and this effect of estrogen could be partially blocked by ICI 182,780. Our data
indicates that the regulation of tau kinases could be one of the post-receptor events by which
estrogen preventing tau phosphorylation. The imbalance between tau phosphorylation
mediated by tau kinases and dephosphorylation mediated by PPs is critical to AD (Arendt et
al., 1998; Gong et al., 2006). Besides inhibiting PP1/2A, OA is also reported to activate
calpain (Yoon et al., 2006), which cleaves p35 to release p25 (Lee et al., 2000). Conversion
of p35 to p25 causes prolonged activation and mislocalization of cdk5, which leads to
aberrant tau hyperphosphorylation (Lee et al., 2000). It is consistent with our data showed
that OA induced increase of cdk5 and p25 levels and further increase of phospho-tau
(Thr205). The activation of GSK3p is mediated by dephosphorylation at Ser 9 which is
regulated by Akt (Grimes and Jope 2001). PP2A can activate GSK3p directly by
dephosphorylation at Ser 9, or indirectly by dephosphorylating Akt (Lin et al., 2007).
Inhibition of PP2A by OA led to inactivation of GSK3p by increasing GSK3p (p-Ser 9).
Although our data do not indicate GSK3p is a factor in pathological tau phosphorylation, it
may still play key role in tau phosphorylation because the model of tau phosphorylation we
produced is to inhibit PP2A, which leads to the deactivation of GSK3p. Further, no
significant changes of p-ERK/ERK ratio were found in SH-SY5Y cells with the insult of
OA. Moreover, these changes in proline-directed kinases induced by OA were found to be
prevented by co-treatment with estrogen, an effect that was attenuated by ICI 182,780. Our
data indicates that inhibition of PP2A/B by OA leads to tau phosphorylation, which can be
prevented by estrogen in a partially receptor-mediated manner.

Collectively, our data indicate that the balance between tau kinases and phosphatases is
important for tau phosphorylation. Our data also suggest that cdk5 may be involved in OA
induced tau phosphorylation via inhibition of PP1/2A; estrogen can prevent tau
phosphorylation which may be an ER-mediated effect and cdk5 may be a downstream target
of estrogen.

4. Experimental procedures

4.1 Materials

Okadaic acid (Cat #: 495604) was purchased from Calbiochem (Gibbstown, NJ) and
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 1 uM and diluted to
appropriate concentration in artificial cerebrospinal fluid. Anti-cdk5 (C-8), anti-p25, anti-tau
(T1) and anti-p-ERK (E4) antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-ERK1/2 and anti-phospho-tau (Thr 205) antibody was purchased from
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Invitrogen (Carlsbad, CA). Anti-GSK3p and GSK3p (p-Ser 9) antibody was purchased from
Cell Signaling Technology (Danvers, MA). SH-SY5Y cell line was purchased from ATCC
(Manassas, VA) and DME/F-12 media was obtained from Hyclone Laboratories, Inc.
(Logan, Utah). Fulvestrant (ICI 182,780) and other reagents were purchased from Sigma-
Aldrich (St Louis, MO).

4.2 Cell culture and treatment

SH-SY5Y cells were grown in DME/F-12 medium supplemented with 10% charcoal-
stripped FBS and penicillin/streptomycin (50 ug/ml) at 37°C in an atmosphere containing
5% CO5 and 95% air. SH-SY5Y cells cultures were maintained at 50 and 100% confluency,
respectively, in monolayers in plastic 75 cm? flasks.

OA was added into the media to produce a final concentration of 100 nM for three hours in
the presence or absence of various concentrations of 17p-estradiol (10 nM, 100 nM, 1M,
10 uM) to determine the dose-dependent effects of 17p-estradiol on the phospho-tau levels.
For mechanism study, OA was added into the media to produce a final concentration of 100
nM for three hours in the presence or absence of 17p-estradiol (10 uM) and ICI 182,780 (1
uM), an ER antagonist.

4.3 Western blotting

For immunoblotting analysis, cells were harvested by scraping, washed in PBS,
resuspended, then homogenized and sonicated in RIPA buffer (1X PBS, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1mM sodium orthovanadate, 10mg/ml Aprotinin,
100 mg/ml Phenylmethyl Sulphonyl Fluoride (PMSF)). Lysates were then centrifuged at
12,000g for 10 min at 4 °C, and supernatants were collected for analysis. The protein
contents in the supernatants were determined by Bradford reagent assay. Protein from the
treated cells was mixed with loading buffer, boiled for 5 minutes, separated by SDS-PAGE
and then transferred to Immunobilon-P polyvinylidene difluoride (PVDF) (Millipore,
Bedford, MA) membrane. Membranes were blocked with 5% try milk in PBS. Proteins were
probed with specific antibodies at proper dilutions according to the manufacturer’s
instruction and incubated overnight at 4 °C. The blots were rinsed and applied with the
appropriate secondary antibodies. After washing, the blots were developed with an enhanced
chemiluminescent kit (Pierce, Rockford, IL). ECL results were digitized and quantified by
using UVP (Upland, CA) Bioimaging System. Blots were normalized to beta actin, which
was probed and detected on the same blots after stripping and re-blocking the membranes.
For phosphor-GSK3p, GSK3p was used for normalization of blots.

4.4 Statistics

The results were analyzed with one-way ANOVA with prism software (Graphpad Inc., San
Diego, CA). The significance of differences among groups was determined by Tukey’s
multiple comparison tests. p<0.05 was considered significant for all the experiments. All
results were expressed as mean + SEM.
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Figure 1. The dose-dependent effects of 17p-estradiol on tau phosphorylation in OA treated SH-
SYS5Y cells

SH-SYS5Y cells were co-treated with OA (100 nM) and 17p-estradiol (10 nM, 100 nM, 1
M, 10 uM) for three hours. Phospho-tau (Thr 205) was assessed via western blot analysis.
OA and E2 were dissolved in 0.1% DMSO. Vehicle control was treated with 0.1% DMSO.
All data are normalized to total tau and are expressed as a percentage of control. Data are
presented as mean £ SEM for n=4. ## means p<0.01 compared to control and ** <0.01
compared to OA only. Groups connected by the line were different at *p<0.05 and
**p<0.01.
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Figure 2. The effect of 17p-estradiol and ICI 182,780 on tau phosphorylation in OA treated SH-
SY5Y cells

SH-SY5Y cells were treated with OA (100 nM) in the presence of absence of 17p-estradiol
(E2, 10 uM) and/or ICI 182,780 (1 pM) for three hours. Phospho-tau (Thr 205) was assessed
via western blot analysis. OA, E2 and ICI 182,780 were dissolved in 0.1% DMSO. Vehicle
control was treated with 0.1% DMSO as vehicle. All data are normalized to total tau and are
expressed as a percentage of control. Data are presented as mean + SEM for n=4. ## means
p<0.01 compared to control and ** <0.01 compared to OA only. Groups connected by the
line were different at *p<0.05 and **p<0.01.
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Figure 3. Effects of 17p-estradiol and ICI 182,780 on cdk5 and p25 in OA treated SH-SY5Y cells
SH-SY5Y cells were treated with OA (100 nM) in the presence of absence of 17p-estradiol
(E2, 10 uM) and ICI 182,780 (1 uM) for three hours. cdk5 (A) and p25 (B) were assessed
via western blot analysis. OA, E2 and/or ICI 182,780 were dissolved in 0.1% DMSO.
Vehicle control was treated with 0.1% DMSO as vehicle. All data are normalized to p-actin
and are expressed as a percentage of control. Data are presented as mean + SEM for n=5. #
means p<0.05 compared to control and * <0.05, ** <0.01 compared to OA only. Groups
connected by the line were different at p<0.05.
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Figure 4. Effects of 17p-estradiol and ICI1 182,780 on GSK3p in OA treated SH-SY5Y cells
Human neuroblastoma SH-SY5Y cells were treated with OA (100 nM) in the presence of
absence of 17p-estradiol (E2, 10 uM) and ICI 182,780 (1 uM) for three hours. Total GSK3p3
and p-GSK3p (Ser 9) were assessed via western blot analysis. OA, E2 and/or ICI 182,780
were dissolved in 0.1% DMSO. Vehicle control was treated with 0.1% DMSO as vehicle.
All data are normalized to total GSK3p and are expressed as a percentage of control. Data
are presented in mean £ SEM for n=4. # <0.05 compared to control and * <0.05 compared to
OA only. Groups connected by the line were different at p<0.05.
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