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Abstract

Project Code : MRG5480211

Project Title : The effects of activated microglia-mediated inflammation on the
production and function of local hippocampal estrogen that associate
with the synaptic plasticity in hippocampal neurons

Investigator : Dr.Siriporn Chamniansawat
Division of Anatomy, Department of Biomedical Sciences, Faculty of
Allied Health Science, Burapha University

E-mail Address : siripornc@buu.ac.th

Project Period : 2 years

Memory loss is one of the primary consequences of aging. Deficits mainly include
specific impairments in hippocampal-dependent learning and memory. Aging changes in
microglia have been hypothesized to play an important role in the pathogenic mechanism
underlying age-related memory impairment. Microglial aging exhibited both morphological
changes and alterations in immunophenotypic expression by up-regulated in activated microglial
markers. However, the mechanism underlying age-related microglial activation on memory
dysfunction is still largely unknown. The present study aims to demonstrate the effects and
mechanisms of activated microglia on processes of memory formation in H19-7 hippocampal
neuron. Initially, the pattern of estrogen synthesis was clearly shown in H19-7 hippocampal
neuron. Hippocampal-derived estrogen plays a priming role for systemic estrogen function. In
microglia-neuron co-culture techniques, the result showed that activated microglia significantly
inhibited expression of synaptic marker proteins (Arc, PSD95, and synaptophysin) on H19-7
hippocampal neuron, indicating that microglia activation could be inhibited synaptic plasticity
and memory formation. Furthermore, the results also showed that activated microglia decrease
the number of synaptic marker protein via an inhibition of hippocampal estrogen production and
estrogen receptor expression in H19-7 hippocampal neuron. In summary, the present study
proposed a novel mechanism that microglia activation inhibits hippocampal-derived estrogen-

dependent memory formation that could be targeted to recovery memory function of aging.

Keywords : aging, hippocampal estrogen, microglia activation, synaptic plasticity
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1. ﬂﬂ‘]:ﬂg‘ﬂLLU]Jﬂ']iﬁGLﬂi’]ZﬂLaﬁI(ﬂiLﬁ]%ﬂladL‘ﬁﬂaLW’]&LGHG H19-7 hippocampal neuron

2. ?mmm‘sﬁﬁmmaaLaaImLﬁmﬁé(amezﬁmﬂLsﬁaé‘fﬂs:aww@iamsﬁﬁmmaamaa’
WAZLRES H19-7 hippocampal neuron Tua1zding

3. ?m‘mNamaomazé’maumﬂmimz@u microglia @ana MIa19ANEN lhippocampal
neuron
= o . . . o & & &

4, ﬂﬂmwamaamins:@;u microglia @]aﬂ”liﬁx‘lmi’]‘z%LaﬁI@ﬁL‘ﬂusL%L"IiﬁﬂLW’]::LaEI\‘] H19-7

hippocampal neuron

%

3. sz dgu3539
& ¢ &
3.1 NSLAYILTRALNILLAYY

n. LA LWIZLa 89 H19-7 hippocampal neuron

ﬁ’lﬂ’]iLW’l:LgmLsﬁaﬁ H19-7 hippocampal neuron (ATCC® Number; CRL-2526TM) 114 Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) ﬁﬂizﬂauﬁw 1.5 g/l sodium
bicarbonate, 0.2 mg/ml G418, 0.001 mg/ml puromycin (Sigma, St. Louis, MO, USA) Laz 10%
fetal bovine serum (Gibco) lu poly-L-lysine-coated T-flask (Corning, Corning, NY, USA) 2#41a
25 cm” Iuﬁﬂaam%aﬁqmﬁgﬁ 33°C uazANNENTw CO, 71 5% muldanzuiadouuazans
R TR AINEN I RANZ AN TRANIIWTAS RS H19-7 hippocampal neuron (cell

proliferation)

maesonsasintasaiNesin llElunsdnside i wadiwiziiss H19-7 hippocampal neuron
ﬁl:gmﬁmﬁw estrogen-free culture medium Asznaualy 0.01% N2 supplement (Gibco) Lag

10 ng/ml basic fibroblast growth factor (bFGF) (Sigma) T 6-well plate (Corning) Iuﬁﬂaam%aﬁ

]
=1

a v @ A ¥ ¥ .
gunNH 39°C uaz uazANuNTU CO, N 5% Daluan1zfiadinizidsy H19-7 hippocampal
Y wval A ' . . . & .
neurons ﬁ]zgﬂﬂiz@!ﬂ%&lmnﬂaU%LUJ&GE‘}JSN (differentiation) nanuLi mature hippocampal

neuron

¢ g . .
2. LTAALNIZLAYY microglial HAPI



FNMILAZLASILTRALNZLR 8 microglial HAPI 1 DMEM fidsenaudns 5% fetal bovine serum,
2 o
1 mM sodium pyruvate, 0.1 mM non-essential amino acid (Sigma) I T-flask V419 25 cm lug
Unaauafigunni 37°C uazAnududu Co, 11 5% lun1aiaIouiaadinizides microglial HAPI
A o = av & & & g .
Warh lUdns3dumuu LORALNIZIRENICONLALIUR  Transwell  polyester membrane insert

(Product ID 3450; Coming) lugiaaaiia igaannil 37°C uaz 71 5% CO,
A. Neuron-microglia co-culture

o & & & . . o & & . .

NINITLNIZLREILTANLNIELAEY H19-7 hippocampal neuron 334NU  LORRLWISLALY  microglial

HAPI (neuron-microglia co-culture) 1agLAUILTRBLAZIAES H19-7 hippocampal neurons 1w 6-
o A ' v v v o, (3 & . . A &

well plate @Gﬂﬂﬂ"l’ﬂ’]“ﬂ’]d@]% IMNUUBBIUDTINLNIZLALY microglial HAPI ‘YlE]ﬂLaEJ\‘i‘U‘LL Transwell

polyester membrane insert WNIRIluLEa: well 289 6-well plate ARLaSLNZIRES H19-7

hippocampal neurons agl;ﬁ’méi’ld
%) A 6 3 . .
3.2 MIANINBINVBILTARLNIELALS microglial HAPI (MTT assay)

myiawafifunsitinuesaadinnziaes 19-7 hippocampal neuron @835 MTT assay 3
ﬁﬁﬂﬂ’liﬁé’]ﬁ@ﬁa ]1382818 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma) ﬁ]:gmﬂﬁUuﬁmﬂﬁmﬁaﬂﬂLﬂuwﬁﬂﬁm‘zﬁu (formazan crystal) lwaasnddialagends
mavheuvesenlodluwlalanauess Tuvasfiassaoasldsmunsnfougssszans MTT 6
ABmInaasd wasnmMIiaIdng giTouTasudiga culture media 80 UITILTARGL 0.01M
phosphate buffer saline (PBS) Aauflastudeasazans MTT W 3 alus niurims
8eA18 (solubilization) formazan crystal a8l dimethyl sulfoxide (DMSO) w1 Iadnanu

QANAUUEIFILLATE spectrophotometer 1ANEARK 550 nm
3.3 Enzyme-linked immunosorbent assay (ELISA)

mMInTamdSunaadlysan IL-6, IL-10 uaz estrogen #283% ELISA wuU3T double sandwich
BUNMTABaUNWAIVES 96-well plate @78 anti-IL-6 ¥3® anti-IL-10 antibody %@ anti-
estrogen (R&D systems, Minneapolis, MN, USA) Jutaan 24 %;UIM\‘] fiaul@n ELISA Blocking
Buffer (R&D systems) tdwiian 2 T2l thetlasiumsiia non-specific binding MNUWIILEY
culture media ﬁ"L@Tﬁnﬂmjmmsmaawi'me] (NIzLIUNINanasfi 8.2.2) iarnd{ism MU

819 antigen &31LAKEIE 0.01M PBS La3LAN anti-IL-6 w38 anti-PGE, antibody (dtdsnufils



iAoy 96-well-plate) da'liiduiian 1 Talus Ngunniikes aniuIatudis secondary antibody
A A v [~3 6 . . A o aaa a & A
Tedaaanaleidwlesl horseradish peroxidase (HRP) (R&D systems) Lwamﬂgmman"ﬁu‘mm
ANHUIIA antibody &I1LAnaI8 0.01M PBS UFL&N Tetramethylbenzidine (TMB) substrate
(R&D systems) MnuunyaliTenedan 1M HCl Tawnd IL-6 %38 IL-10 wia aalasiau asin
{ | o a A s 1 3 {
nnmMInasasazifowduiints SN IniasaNugananuaIcILATed spectrophotometer

(model UV-2550; Shimadzu, Kyoto, Japan) NAuE1IAAK 450 nm
3.4 Western blot analysis

afalUsauanimasiniziaes Taold RIPA buffer (Tris 50 mM pH 7.4, NaCl 150 mM, 1% triton
X-100, 0.1% sodium deoxycholate, EDTA 5 mM, Na,HPO4 30 mM, NaF 50 mM) ﬁﬂﬂiawﬁ
sialellugndonszudlnily  10%  SDS-PAGE  gel  annuurinmstnelusdiwluss
nitrocellulose membrane Waz1i1 membrane Uuiulu 5% non-fat milk 1Juiaan 2 %JINJ Lﬁla
fastiunaiie non-specific binding fiawiinlutiase primary antibody fiflausnmzaalysan
Whesne waen 24 59l ‘ﬁqm%nﬂﬁ 4°C %W membrane wUuln HRP-conjugated
secondary antibody (Zymed, San Francisco, CA, USA) I sanEUIunmnuaasaanaes
lus@ulasld chemiluminescent detection kit (Pierce, Rockford, IL, USA) W&3aANNTaUas

woulys@usalysunsy Scion Image
3.6 Quantitative-real time PCR (qRT-PCR)

ﬁ’]LéﬁaﬁTLW’IZLgm H19-7 hippocampal neuron U1&Na RNA lagla RNeasy mini kit (Qiagen,
Hilden, Germany) u&iannududuuas RNA filderaia3as spectrophotometer ¥imIsnua s
ioUSUUSu w09 RNA TWvinduynnga udaounauluiiln cDNA dasLaSas thermocycle
lagld high capacity cDNA reverse transcription kit (Apply Biosystems, CA, USA) mﬂﬁ?ul,ﬁw
PwndniazidIsuinsunisusadaanuasdwilnang nU 8w housekeeping (GAPDH) @38
Lﬂ%'ad real-time PCR (Applied biosystems) lagls TagMan® gene expression assay kit (Apply
Biosystems) %dﬂizﬂauﬁ’m customized primer design L8z DNA-probe ‘ﬁgﬂ@ﬂﬂﬂ’lﬂﬁ’;&l FAMTM
dye uazdmimdTunmnsuaadaanvaddwiinunealuid threshold cycle (Ct method) laeld

SDS software v. 1. 4 (Apply Biosystems)

3.7 Immunocytochemistry



Ansnsuaadaanuazdunisvaslysdunaluasale3d immunocytochemistry Suanmy
Lgmlfljaf,ﬁrmﬁzlﬁm H19-7 hippocampal neuron U coverslip T 6-well plate RRINNIARITA 9
uALTRS A saS s Sa U (NITLIUNIINARaIR 8.2.5) mItiumadens 4% cold-
paraformaldehyde (Jui7a1 15 w17l MNiuLNeIs 0.2 M glycine w181 25 Wil LaI@NGE
10% normal goat serum L2871 30 w1 iiveilasiunsiia non-specific binding Aouflazy
&8 primary-antibody (Abcam, Cambridge, UK) tIwaan 24 12134 ﬁqm%gﬁ 4°C LAINUAIEL
fluorescent-conjugated secondary antibody Mud1ay Laz¥innmsansaelanaad Leser

confocal microscopy (Model FV 1000; Olympus, Tokyo, Japan)

¢ Y

3.8 A5n1sUsuinNaARaTNITFAILAIIZHYDNA

u

iagaﬁmmazgﬂmmumﬂum means = SE mwmmﬂ@iwmaaﬁamaaiagaaaaﬂgm:maau
1@t unpaired Student's t-test m’mLmﬂ@mmaﬁmaﬁamao"ﬁagamnndmamngﬂmaau
A8l one-way analysis of variance (ANOVA) with Turkey multiple comparison test ANNLANGAN

maﬁmaﬁamamﬂmimaauﬁaaﬁm P <0.05 ﬂsuﬁuwaf*ﬁaga‘[m Graph- Pad Prism 5.0
WNaN13398
1. n3FILATIEA local estrogen Twigastniziags H19-7 hippocampal

iiesanssliinsAnmnnnsaaase estrogen luwadiwnziass H19-7 hippocampal §9%6%
{98397 MIANNIFIATIEA estrogen Twaasioadinziass H19-7 hippocampal lunie
1U3n&@ (control) Wisunumsl anastrozole (aromatase inhibitor) WATNNT LA Gonadotrophin
releasing hormone (GnRH) Liunguaminguiisay waznguaiguiisuinaudaulasnisia
USinmmsnasluanmsiassimasensdt ELISA namsnaaasuaasliifiuinlunnizdsndaunsa
Fat3unm estrogen luomnsiasamadldnsudiuit 5 vasmmessadudily dfmmjuﬁvl,ﬁ%'u
GNRH uaanso i aldasudui 2 1e9mMInanesuaas W AnINaadImnz A gImaINTnAoUaHEY
GnRH ¢ Iummzﬁﬂéwﬁvlﬁ% anastrozole MANIDHUEINMIFIATEH IdAaAMINaRD (gﬂﬁ

1A) %anNHAA ﬂﬁaﬁﬁmiﬁﬂmgﬂLLuwaamiﬁoLm’lzﬁ local estrogen LLa:ﬁnLaua‘lugﬂmaa

FUNTURAIANUFUNUT éﬁLLamlugﬂﬁ 1B-D
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Abstract

The localization of estrogen (E2) has been clearly
shown in hippocampus, called local hippocampal E2.
It enhanced neuronal synaptic plasticity and protected
neuron form cerebral ischemia, similar to those effects
of exogenous E2. However, the interactive function of
hippocampal and exogenous E2 on synaptic plasticity
activation and neuroprotection is still elusive. By using
hippocampal H19-7 cells, we demonstrated the local
hippocampal E2 that totally suppressed by aromatase
inhibitor anastrozole. Anastrozole also suppressed
estrogen receptor (ER)B, but not ERa, expression.
Specific agonist of ERa (PPT) and ER( (DPN) restored
ERp expression in anastrozole-treated cells. In combi-
natorial treatment with anastrozole and phosphoinosi-
tide kinase-3 (PI-3K) signaling inhibitor wortmannin,
PPT could not improve hippocampal ER[} expression.
On the other hand, DPN induced basal ERp trans-
localization into nucleus of anastrozole-treated cells.

Copyright ©) 2012 by the Korean Society for Biochemistry and Molecular Biology

Exogenous E2 increased synaptic plasticity markers
expression in H19-7 cells. However, exogenous E2
could not enhance synaptic plasticity in anastrozole-
treated group. Exogenous E2 also increased cell via-
bility and B-cell lymphoma 2 (Bcl2) expression in
H.O-treated cells. In combined treatment of anas-
trozole and H.0,, exogenous E2 failed to enhance cell
viability and Bcl2 expression in hippocampal H19-7
cells. Our results provided the evidence of the priming
role of local hippocampal E2 on exogenous E2-enhanced
synaptic plasticity and viability of hippocampal
neurons.

Keywords: estrogen receptor beta; estrogens; hippo-
campus; neuronal plasticity; neurons; neuroprotective
agents

Introduction

E2 is mainly synthesized in the gonad, called gonadal
or exogenous E2, and reaches its target organ via
blood circulation. It has been reported to influence
memory function (Henderson, 2010; Gorenstein et
al., 2011) and neuroprotection (McCullough et al.,
2003) through estrogen receptor (ER), which highly
expressed in cerebral cortex and hippocampus
(Henderson, 2010). In menopausal women, E2
replacement therapy relieved memory impairment
(Gorenstein et al., 2011). Previous study demonstrated
the decreasing of hippocampal dendritic spine in
ovarectomized (OVX) rats that restored by an
administration of exogenous E2 (Gould et al., 1990).
During estrous cycle, the hippocampal spine density
is varied in response to fluctuating level of E2 in
female rats (Woolley and McEwen, 1992). Moreover,
our previous studies demonstrated that a variety of
synaptic marker proteins is up-regulated after
exogenous E2 application (Chamniansawat and
Chongthammakun, 2009; 2010), confirming the
positive role of exogenous E2 on synaptic plasticity
and memory consolidation. E2 also prevents
neuronal death from ischemic brain injury (Dubal et
al., 1999). It regulated neuronal viability through
Bcl2 expression, but not other members of Bcl2
family (Dubal et al., 1999).

@ This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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In addition to gonad, endogenous E2 production
and secretion in hippocampus were well
demonstrated (Prange-Kiel and Rune, 2006). The
presence of all enzymes responsible for endogenous
E2 biosynthesis and a sixfold higher E2
concentration in hippocampus than that in plasma
(Hojo et al., 2004) strongly indicate the potential
roles of local hippocampal E2 on hippocampal
functions. Previous studies revealed that inhibition
of the local E2 biosynthesis by aromatase inhibitor
significantly reduced the density of hippocampal
synapses and down-regulated synaptic proteins,
including spinopholin and synaptophysin (Kretz et
al., 2004; Mukai et al., 2010; Zhou et al., 2010).
Local hippocampal E2 also regulated the
expression of ER (Murata et al., 2003; Prange-Kiel
et al., 2003; Oliveira et al., 2004). In addition to
synaptic plasticity, the neuroprotective role of local
hippocampal E2 had been demonstrated by using
aromatase knockout mice (McCullough et al., 2003).
Loss of endogenous or local E2 exhibited an
increase in the severity of ischemic injury compared
with the normal as well as OVX mice. These
evidences indicated that the neuronal functions are
mainly affected by local hippocampal E2. However,
the decreased in synaptic plasticity was presented
in OVX rats (Woolley and McEwen, 1992), which
local hippocampal E2 should be intact. Therefore,
hippocampal neuronal function is depended on both
endogenous and exogenous E2. We hypothesized in
the present study that the mechanism of exogenous
E2 action is an endogenous E2-dependent manner.
The aims of this study were to investigate the effects
and mechanisms of endogenous E2 action on the

Figure 1. Secreted local E2 in cul-
ture media of hippocampal H19-7
neurons. Secreted E2 of control
(open bars), GnRH-treated (gray
bars) and anastrozole-treated (black
bars) in H19-7 hippocampal cells
(A). *P < 0.05, *P < 0.01, **P
< 0.001 vs day-matched control
group, P < 0.05,"'P < 0.01,""P
< 0.001 vs corresponding day 0
group. Percent maximum secreted
E2 of control (B), GnRH-treated (C)
and anastrozole-treated (D) in
H19-7 hippocampal cells. Dark line
Z=001 represented the best-fitted sigmoid
T T T 1 line (non-liner regression) in B and
0 3 6 9 12 straight line (linear regression) in C
Incubation period (days)  and D (n=5).
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modulation of synaptic plasticity and neuroprotection
in hippocampal H19-7 cells.

Results

Local E2 production in hippocampal H19-7 cells

To determine the production and secretion of E2 in
hippocampal H19-7 cells, we measured E2
concentration in culture media of untreated,
gonadotrophin releasing hormone (GnRH)-treated
or anastrozole-treated hippocampal H19-7 cells by
using ELISA kit. At day 0, basal E2 levels of
untreated, GnRH-treated, and anastrozole-treated
cells were 5.46 = 0.51, 5.11 = 0.25, and 4.89 *
0.25 pg/ml, respectively (Figure 1A). In untreated
hippocampal H19-7 cells, secreted E2 significantly
increased from days 5 through 12 (37.52 * 4.58
pg/mlto 80.04 £ 7.40 pg/ml) (Figure 1A). Maximum
secreted E2 level in untreated hippocampal H19-7
cells was comparable to those report in hippocampal
slice cultures (Kretz et al., 2004). GnRH increased
hippocampal E2 secretion from days 3 through 12
(26.81 = 4.55 to 148.72 £ 12.47 pg/ml) (Figure
1A). Moreover, when compared with the untreated
group, GnRH significantly increased E2 levels from
days 2 through 12 (Figure 1A). However, when the
activity of aromatase was inhibited by anastrozole,
the E2 levels were not changed throughout 12 days
of experimental period.

The hippocampal E2 secretion profile of control,
GnRH-treated, and anastrozole-treated hippocampal
H19-7 cells were demonstrated by the percent
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maximum secreted E2-experimental period relation-
ship. The data of control cells were best fitted with
the non-liner regression equation that revealed the
sigmoidal line (r“ = 0.90, Figure 1B). In the first three
days, E2 levels sIowa increased, while it rapidly
mcreased from 4" day and to the maximum level in
8" day (Figure 1B). The half maX|mum E2 secretion
was presented in 5" day to 6" day and the
maximum E2 secretion with the plateau phase was
showed in day 8 though 12 (Figure 1B). Therefore,
we selected 8" day as a suitable culture condition in
next experiments for studied the effect of local E2 on
hippocampal H19-7 neuron. GnRH changed the
secretory proflle form sigmoid function to linear
function (r =0.97, Figure 1C). The E2 levels of
GnRH-treated group rapidly increased from day 1
through 12 (Figure 1C), whereas E2 levels of
anastrozole-treated group showed relatively constant
throughout 12 days of experimental period (Figure
1D).

Local E2 regulates ERf expression in hippocampal
H19-7 cells

It is well known that ER, including ERa and ERB,
expression is upregulated by E2 (Murata et al., 2003;
Oliveira et al., 2004). We therefore investigated the
effects of the local E2 on ER expression by using the
confocal immunocytochemistry, qRT-PCR, and
Western blot techniques. To determine those effects,

Relative
fold of ERec mRNA

anastrozole-treated H19-7 hippo-
campal cells (A). Red signal repre-
sented nuclear-staining and green
signal represented ERa or ERp
(scale bars =10 pm). The number
of ERa or ERB positive green signal
was counted and presented (B).
Quantitative immunoblot analysis of
ERo and ERP proteins expression
in control and anastorzole-treated
H19-7 hippocampal cells (C, D).
Representative qRT-PCR of ERa
and ERB mRNA expression in
H19-7 hippocampal neurons (E).
B-actin was the housekeeping
protein. *P < 0.05, **P < 0.001
vs control group, 'P < 0.05 vs
anastrozole-treated group (n = 5).

1.5

-
(3]

-
o

Relative
fold of ERp mRNA

0.5
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hippocampal H19-7 cells were cultured in either
steroid-deprived media with or without anastrozole
for 8 days. In control group, ERpB expression was
significantly higher than ERa (Figures 2A-2D). In the
presence of anastrozole, the level of ERp
expression was significantly decreased, whereas
ERa expression was not changed (Figures 2A-2E).
These results indicated that the local E2 up-regulated
ERpB, but not ERa, expression in hippocampal
H19-7 cells.

Local E2-increased ERp expression is a basal ERa-
and ERB-dependent mechanism

We further examined the underlying mechanism of
local E2-induced ERp expression by using gRT-PCR
and Western blotting analysis. Hippocampal H19-7
cells exposed to anastrozole for 8 days had
significantly lower ERP expression than control
group (Figures 3A-3C). The level of ER expression
could be restored by administration of specific
agonist of ERoc (100 nM PTT) and ERpB (100 nM
DPN) in day 7" of experimental period. This result
indicates that the local E2-induced ER[} expression
is a basal ERa and ERB-dependent mechanisms.
Wortmannin (200 nM Wort.), a specific PI-3K
inhibitor, had no additive effect on anastrozole-
suppressed ERPB expression (Figures 3A-3C).
Wortmannin attenuated PPT-, but not DPN-, induced
ERB expression. Therefore, local hippocampal E2
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Figure 3. The mechanism of local hippocampal E2 regulated ERpB
expression. The quantitative immunoblot analysis of ERpB in control
and 8 days-anastrozole exposed neuron (A). 100 nM PPT, 100 nM DPN,
or 200 nM Wortmannin (Wort.) was added to the culture media of anas-
trozole-treated neuron in 7-8 days prior to harvested cells.
Representative densitometric analysis of ERB expression in H19-7 cells
(B). Representative immunofluorescent image of ER (green signal) and
nucleus (red signal) of anastrozole and anastrozole plus DPN-treated
cells (C). Scale bar = 10 uM. B-actin was the housekeeping protein. ***P
< 0.001 vs control group.

enhanced ERp expression in basal ERa-PI-3K
dependent mechanism.

We further examined the effect of local E2 on ERf
activation by determining the translocation of basal
ERpB in hippocampal H19-7 cells by using laser
confocal microscopy (Figure 4D). In anastrozole
treated group, the basal ERf localized in cytoplasmic
and membranous regions of hippocampal H19-7
cells. After DPN treatment, basal membranous and
cytoplasmic ERpP decreased, but the nuclear ERp
increased. This findings suggest that the membranous
and cytoplasmic ERp translocalize into nucleus in
ligand-dependent mechanism, indicating a charac-
teristic of classical genomic action.
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Figure 4. The effect of endogenous E2 on exogenous E2-induced H19-7
hippocampal synaptic plasticity. Representative quantitative gRT-PCR (A,
B) and Western blotting analysis (C, D, E) of Arc and PSD-95 expression
in H19-7 hippocampal neurons. Densitometric analysis of Arc (D) and
PSD-95 (E) protein in H19-7 cells. GAPDH was the housekeeping mRNA
in real-time PCR. B-actin was the housekeeping protein. *P < 0.05, *P
< 0.01, **P < 0.001 vs control group (n = 5).

Local E2 mediates exogenous E2-induced synaptic
plasticity
Although local hippocampal E2- and exogenous
E2-enhanced hippocampal synaptic plasticity had
been explained (Prange-Kiel and Rune, 2006), the
role of the local E2 on exogenous E2-mediated
synaptic plasticity is still unclear. By using synaptic
plasticity markers, Arc and PSD-95, we observed
the interactive effect of local and exogenous E2 on
synaptic plasticity using gRT-PCR and Western blot
analysis in hippocampal H19-7 cells. As shown in
Figures 3A and 3B, exogenous E2 treatment for 30
min and 6 h significantly increased Arc and PSD-95
MRNA expression, respectively. Anastrozole unaltered
the basal Arc and PSD-95 mRNA expression.
Interestingly, exogenous E2 could not enhance Arc
and PSD-95 mRNA expression when hippocampal
H19-7 cells were cultured in anastrozole-containing
media (Figures 3A and 3B).

Similar to those mMRNA, administration of exogenous



E2 (1 h and 48 h for Arc and PSD-95, respectively)
also induced Arc and PSD-95 proteins expression
(Figures 3C-3E). Anastrozole had no effect on basal
Arc and PSD-95 proteins expression. Exogenous
E2 failed to enhance Arc and PSD-95 protein
expression in anastrozole-treated neurons (Figures
3D and 3E). These findings indicated that
hippocampal E2 was prerequisited for exogenous
E2-enhanced hippocampal synaptic plasticity.

Local E2 mediates neuroprotective effect of
exogenous E2

The neuroprotective effects of E2 have been well
demonstrated. However, the involvement of local E2
on neuroprotective effect of exogenous E2 is still
elusive. As demonstrated in Figure 5A, 1 h of 200 uM
H»0, exposure significantly decreased hippocampal
H19-7 cell viability. H202-induced cell death was
enhanced by anastrozole. Preincubation of the cells
with exogenous E2 for 24 h prior to addition of H,O-
attenuated H,O-induced cell death. However,
therapeutic effect of exogenous E2 on H,O2-induced
H19-7 cell death was absent when cells were
exposed to anastrozole (Figure 5A).

We also observed the effect of local E2 and
exogenous E2 on anti-apoptotic protein Bcl2, the
specific target of E2 (Dubal et al., 1999). While 24 h
of exogenous E2 preincubation significantly enhanced
Bcl2 expression, H,0; significantly suppressed its
expression (Figures 5B and 5C). Additional effect of
anastrozole on H,O-supressed Bcl2 expression
was demonstrated. Similar to those cell viability
studies, exogenous E2 totally rescued Bcl2 expression
in H2O,-treated H19-7 cells. Exogenous E2 could
not restore H;O-supressed Bcl2 expression in
anastrozole treated neurons (Figures 5B and 5C).
These findings suggest the prerequisite role of local
hippocampal E2 on neuroprotective function of
exogenous E2.

Discussion

De novo E2 production and secretion in hippocampus
has been demonstrated in both primary hippo-
campal neurons (Prange-Kiel et al.,, 2003) and
hippocampal slice cultures (Kretz et al., 2004). In
the present study, we showed the production and
secretion of local E2 in hippocampal H19-7 cells.
Our findings demonstrate the sigmoidal secretory
profile of H19-7 hippocampal E2. In first 3 days after
seeding the secreted E2 levels relatively constant
probably due to the preparation of intracellular
machinery that responsible for production and
secretion of E2, we named this period as “the
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Figure 5. The effect of endogenous E2 on neuroprotective effect of
exogenous E2. Representative cell viability data from MTT assay (A).
Anti apoptotic Bcl2 expression in H19-7 hippocampal neurons (B and C).
[3-actin was the housekeeping protein. *P < 0.05, **P < 0.001 vs con-
trol group (n = 5).

preparation state”. In days 4 to 7, secreted E2
rapidly increased form 16.2% to 90.6% of maximum
secreted E2; it was named “the active state”. Finally,
secreted E2 reached the maximum plateau state in
days 8 to 12. However, secreted E; levels were
relatively unaltered when hippocampal H19-7 cells
were incubated with anastrozole. This finding
indicates that E2 production and secretion in
hippocampal H19-7 cells required aromatase
activity similar to those reported in primary
hippocampal neurons (Prange-Kiel et al., 2003) and
hippocampal slice cultures (Kretz et al., 2004). In
addition, the maximum secreted E2 levels in
hippocampal H19-7 cells were comparable to that
report in hippocampal slice cultures (Kretz et al.,
2004). Therefore, H19-7 hippocampal cells were a
suitable model for studying the effect and
mechanism of hippocampal E2 on hippocampal
neuronal functions.

It has clearly been demonstrated that GnRH
receptor expressed in hippocampus (Chu et al.,
2008; Schang et al., 2011), thus, hippocampal
neuron can selectively respond to GnRH treatment.
In the present study, we reported the activating
effect of GnRH on local hippocampal E2 level,
indicating that GnRH enhanced endogenous E2
biosynthesis in hippocampal H19-7 cells. Similar to
previous study, that demonstrated the activating
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effect of GnRH on E2 biosynthesis and secretion in
SH-SY5Y neurons (Rosati et al.,, 2011). GnRH
enhanced the expression of enzymes involved in E2
biosynthesis, including seladin-1, steroidogenic
acute regulatory protein (StAR), and cytochrome
P450 (Attar and Bulun, 2006), indicated the
feasibility of using hippocampal H19-7 cell for
investigating the role of local E2 on hippocampal
function.

There are two ER subtypes, ERa and ERB, which
are expressed in hippocampus (Bliss and
Collingridge, 1993). Expressions of those ERs are
regulated by its ligand, E2 (Murata et al., 2003;
Oliveira et al., 2004). In the present study, we
showed the direct activating action of local
hippocampal E2 on ERp expression. Suppression of
the local E2 by aromatase inhibitor led to
downregulation of ERf expression in hippocampal
neurons. Local hippocampal E2 had no effect on
ERa expression. In hippocampus, ERB play an
important role in long-term potentiation (LTP)
enhancement, memory improvement (Day et al.,
2005; Liu et al., 2008), and neuroprotection (Dubal
et al., 1999; Zhao et al., 2004). The autocrine and
paracrine actions of hippocampal E2 on an
enhancement of ERB expression are suggested to
prime hippocampal neurons for further activation by
exogenous E2.

We also demonstrated that hippocampal E2
acted through basal ERa-PI-3K-dependent pathway
to enhance ERp expression, which classified as a
non-genomic pathway. Membrane ERa directly
interacted with PI-3K (Simoncini et al., 2003),

tions of exogenous E2 mediates by
ERB.

therefore ERa agonist PPT failed to activate
wortmannin-treated cells. On the other hand, local
hippocampal E2 activated nuclear translocation of
basal ERf in H19-7 hippocampal cells, which was
consistent with our previous report (Chamniansawat
and Chongthammakun, 2010). Exogenous E2
activated ERp translocation into nucleus to enhance
synaptic plasticity (Chamniansawat and Chong-
thammakun, 2010), hence local hippocampal and
exogenous E2 regulated neuronal function in
classical genomic ERB-dependent mechanism.
Previously, the potential action of hippocampal
and exogenous E2 on hippocampal synaptic
plasticity has been reported (Gould et al., 1990;
Prange-Kiel and Rune, 2006). Little is known about
the interactive function of local hippocampal and
exogenous E2 on synaptic plasticity. Exogenous E2
upregulated synaptic plasticity marker expression in
hippocampal H19-7 cells. However, when endogenous
E2 synthesis was inhibited by aromatase inhibitor
anastrozole, exogenous E2 could not enhance
synaptic plasticity in hippocampal H19-7 cells,
suggesting that exogenous E2 function is
endogenous E2-dependent mechanism. Previously,
ERB knockout mice exhibited attenuation of
hippocampal plasticity and memory impairment
(Day et al., 2005; Liu et al., 2008) although exogenous
E2 is still present. Since the downregulation of ERf
expression is demonstrated in anastrozole-treated
hippocampal H19-7 cells, E2 could not enhance
hippocampal synaptic plasticity similar to those
transgenic mice. The priming action of local
hippocampal E2 on ERp expression is suggested to



be essential for exogenous E2-enhanced hippo-
campal synaptic plasticity.

Neuroprotective function of both exogenous E2
and endogenous E2 has been identified (Dubal et
al., 1999; McCullough et al., 2003; Zhao et al.,
2004). Exogenous E2 exclusively mediated Bcl2
expression, but not other Bcl2 family, including Bax,
Bcl-xl, Bcl-xs, and Bad, to prevent neuronal death in
ischemic brain injury model (Dubal et al., 1999). On
the other hand, aromatase knockout mice exhibited
higher brain damage than the wild type-OVX mice
after cerebral artery occlusion (McCullough et al.,
2003), indicated an important role of local E2 on
neuronal viability. In the present study, we reported
the priming action of hippocampal E2 on exogenous
E2 enhanced hippocampal H19-7 cell viability and
Bcl2 expression. Local hippocampal E2 influenced
ERB expression that required for exogenous
E2-enhanced Bcl2 expression and neuronal viability
(Dubal et al., 1999; Zhao et al., 2004). Therefore,
neuroprotective action of exogenous E2 requires
autocrine and paracrine actions of hippocampal
E2-induced ERp expression.

In conclusions, our study demonstrated the
priming action of hippocampal E2 on systemic E2
functions, as depicted in Figure 6. Endogenous
aromatase mediates H19-7 hippocampal E2
biosynthesis. GnRH enhances hippocampal E2
biosynthesis and secretion probably via StAR and
P450scc activation (Mukai et al., 2010). Secreted
hippocampal E2 upregulates hippocampal ERp
expression through basal ERa and ERp activations.
The basal ERa activation directly mediates PI-3K
signaling pathway, whereas basal ERp activation
translocates into nucleus. This mechanism provides
the hippocampal ERJ to respond to systemic E2
lead to enhance hippocampal synaptic plasticity and
neuroprotection.

Methods

Cell culture

H19-7 cells of hippocampal origin (H19-7 hippocampal cells;
ATCC® Number, CRL-2526™) were grown on poly-L-ly-
sine-coated dishes, in Dubecco’s modified Eagle’s medium
(DMEM,; Gibco-BRL, Grand Island, NY) in a 5% CO; hu-
midified atmosphere at 33°C as described previously
(Bhargava et al., 2000). Hippocampal H19-7 cells are
transformed with a temperature-sensitive mutant of simian
virus 40 T antigen and are conditionally differentiated. For
differentiation, cells were incubated in a 5% CO, humidified
atmosphere at 39°C in DMEM and N, supplements
(Invitrogen, Carlsbad, CA), and the process was accel-
erated by adding 10 ng/ml basic fibroblast growth factor
(Sigma, St. Louis, MO). To find out the optimal level of E2
secretion, hippocampal H19-7 cells were incubated with
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culture media, 25 nM anastrozole-containing culture, or
0.01 uM GnRH-containing culture media for 12 days. To in-
vestigate the effect and mechanisms of local hippocampal
E2 on exogenous E2, cells were treated with 10 nM E2, 25
nM anastrozole, 100 nM PPT, 100 nM DPN, or 200 nM
wortmannin according to the need of each experiment. All
stimulant drugs are purchased from Sigma.

ELISA

To evaluate secreted E2 levels in culture media, colorimetric
rat E2 ELISA kits (TSZ ELISA; Framingham, MA) was per-
formed according to the manufacturer's instructions. Briefly,
culture medium were pipetted into micro-assay well which
had been precoated with monoclonal antibody against E2,
followed by incubation at 37°C for 30 min. And then wash-
ing buffer was added to wash an excess binding before
added HRP-conjugated reagent to each well. To develop
the reaction, chromogen substrate was added and in-
cubated at 37°C for 15 min in light protection. The reaction
were stopped by add 50 ml stop solution into each well.
Absorbance was read at 540 nm on a microplate reader
(Bio-Tek). Samples were quantified by interpolation with
standard curve.

Immunocytochemistry

For immunocytochemistry, hippocampal H19-7 cells were
seeded on 12-mm glass coverslips at a density of 10,000
cells/coverslip and cultured overnight as previously de-
scribed (Chamniansawat and Chongthammakun, 2009). At
the end of all treatments, cells were fixed for 15 min in 4%
paraformaldehyde at 4°C, followed by permeabilization in
0.2 M glycine. After blocking of nonspecific binding, cells
were incubated overnight at 4°C with 1:100 mouse anti-ERa.
or 1-100 mouse anti-ER antibodies (Abcam, Cambridge,
UK). After washing away excess primary antibodies, cells
were then incubated with 1:1000 fluorescien isothiocyanate
(FITC)-coupled anti-mouse 1gG secondary antibody
(Zymed), and subsequently stained for nuclei with 1:500
TROPO-3 (Molecular Probes, Eugene, OR). We used a
confocal laser-scanning microscope (model FV 1000;
Olympus, Tokyo, Japan) to analyze the fluorescent signals.

Western blot analysis

Western blot analysis was performed as described pre-
viously (Chamniansawat and Chongthammakun, 2009).
H19-7 hippocampal cells were lysed with RIPA buffer. Equal
amounts of protein were separated on 10% SDS-PAGE,
and transferred onto nitrocellulose membranes. The mem-
branes were incubated with 1:1000 mouse anti-ERa, -ERf,
-Arc (Santa Cruz Biotechnology Inc., Santa Cruz, CA), rab-
bit anti-PSD-95 (Abcam), or -Bcl2 (Abcam) antibodies, and
then incubated with a HRP-conjugated secondary antibody
(Zymed, San Francisco, CA). The signal was detected with
ECL Western blotting substrate (Pierce, Rockford, IL) and
captured on Hyperfim™ (Amersham Pharmacia Biotech,
Piscataway, NJ).
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Quantitative real time-PCR (qRT-PCR)

To determine mRNA levels of Arc, PSD-95, ERea, ERp, and
Bcl2 in H19-7 hippocampal neuron, total RNA was ex-
tracted by using the RNeasy Mini kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol as pre-
viously described (Chamniansawat and Chongthammakun,
2009). A 2 ug total RNA was converted to cDNA with the
high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA). Quantitative real-time PCR
(gRT-PCR) was performed on the Applied Biosystems PRISM
7700 Sequence Detection System using TagMan-Gene
Expression Assays with FAM™ dye-labeled TagMan®
MGB probes, which contained customized primer design
according to the manufacturer’s protocol. The positive en-
dogenous control was GAPDH and the negative control
was water. The relative expression of mRNA was calcu-
lated using the comparative Ct method by using SDS soft-
ware v.1.3.1 (Applied Biosystems). All data were normal-
ized with the endogenous reference gene GAPDH ex-
pression (Applied Biosystems).

MTT reduction assay

The cell viability was determined by the quantitative colori-
metric with MTT assay (3-(4,5-dimethylthiazole-2-yl)-2,
5-diphenyltetrazolium bromide, Sigma). Cells were plated
on 96-well culture plates at a density of 10,000 cells per
well. Cells were cultured in media or media containing
anastrozole for 8 days, then, treated with 200 uM hydrogen
peroxide (H20,) or culture media for 1 h. The medium was
removed and mixed with a solution of 1 mg/ml MTT for 3 h
in a 5% CO, humidified atmosphere at 37°C. The super-
natant was then removed, and the formazan crystals in the
cells were solubilized with DMSO. Absorbance was read at
570 nm on a microplate reader.

Data analysis

All data were expressed as mean * SEM. Two sets of da-
ta were compared using the unpaired Student's t-test.
One-way analysis of variance (ANOVA) with Tukey’s postt-
est was employed for multiple sets of data. The level of
significance of all statistical tests was P < 0.05. Linear re-
gression and non-linear regression analysis were per-
formed to obtain the % maximum secreted E2-incubation
period relationship. All data were analyzed by GraphPad
Prism version 5.0 for Window (GraphPad Software Inc.,
San Diego, CA).
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Abstract

Estrogen is a group of steroid hormones which is mainly synthesized in the gonad and reaches its target
organs via blood circulation. It plays an important role in several body systems including nervous system, such as
neuroprotection and memory function. In addition to gonadal estrogen, the localization of endogenous estrogen has
been clearly shown in hippocampus. Hippocampal estrogen has a direct effect on hippocampal neuronal functions.
In addition, hippocampal neuron can not respond to gonadal estrogen when hippocampal estrogen is not present.
Therefore, hippocampal estrogen may exist to prime hippocamapal neurons for further activation by systemic estrogen.
This article indicates the interactive action of hippocampal estrogen on gonadal estrogen effects on hippocampal

neurons in an in vitro study.

Keywords : estrogen biosynthesis, memory formation, neuroprotection, hippocampus
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unin
walnsiau (estrogen) (Wunquuesaifivsesdgesluuy
ﬁﬁqwéﬂﬂﬂamaéﬂﬁzmw (McEwen & Alves, 1999) nsz6u
LAYELATUNTEUIUNITAT19IAINNTY (Chamniansawat &
Chongthammakun, 2010) 914338 TUIULINTINGILUFAN Y
wagaunealasuiiei luldlunstestuuazsnuilsa
neszuuUsyam wu lsmdaluues uazlsanisaudu Dudu
(Vegeto et al., 2008; Purohit & Reed, 2002) Im'wmamgwé
walasiaudlngjgnaiiaaindenmanoundsdignssua
\don (gonadal estrogen) tilelumununsviauvessad
1w (Fang et al., 2001) yonaniifiliealnsauuisaiu
ﬁgﬂﬁ%ﬁqﬁumleuLsaaéLﬁwwmwa (endogenous estrogen)
LﬁamuqumiﬁwmuﬁuaqLsuaa‘ﬁ?uq pgeTIEIaziiny
ﬂ"%wwmmqqﬂ (Purohit & Reed, 2002) wu oalasiaud
gnasienieluwaduszaimussauesdiudulvunuda
(hippocampal estrogen) HazdidnswalasnsInanszuIUNT
synaptic plasticity Fudunalandnvesnisadianinus
Fatunsvhaureswasuszamdulvuaudaseinesdu
das¥an gonadal estrogen usluaduasalsameszuy
Uszamangg Sintuiundgestfenunusssuioudsd
596U gonadal estrogen sateennn wansliiiudauin
gonadal estrogen fapsiiunumdAysomaduszamauly
wandla Fuduiraulainlasuiadaudanisyauveasad
Uszamduluaniaiutuiviealnsauanunastaduddy
uazdinalnniseengrsedisls Tasunanutasiiauedeya
Aenfuunuimiidaiauves hippocampal estrogen uag
gonadal estrogen fan1sviaurearaaussamduluuanta
1. mMsduasiziiedlasiau
walnsau Ao nauvesafiesesngasluulunandga
%qdqummgﬂa%qﬁﬁummauL‘Wﬂ (gonadal estrogen %30
exogenous estrogen) LLawé"wﬁwgimxLLaLﬁamﬁavLﬂmu
AUNSIUYeeiesdmuny (McEwen & Alves, 1999)
uenanidefiealnsauuidndgnduasesiniunuy
uenwiiorndoume Senealasiaulunguiii extragonadal
estrogen %30 endogenous estrogen aitnedianusaduasey
oalasiaulates lan seuvuinls 50 WL Lag d@uss (Fester
etal., 2011) Inlannzeesbeanduluuauda (hippocampus)
FafnsAunulud 1995 Tae Robel wazansy wansliidiugi
ﬁmimagjmaqLaﬁimsmﬂuauawaqﬁmiwmaawmzﬁé’uéy’a
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N138514 gonadal estrogen Inen3in3ala (Robel et al., 1995)
soalul 2003 Prange-Kiel wazmuglansianuioalnsiau
Tuemsmzdoueadues primary hippocampal neuron
(1 pg/ml) wazlud 2004 Kretz wazamz wuealnsiaulu
amswzidsailedesuluuauda (24 pg/ml) Fauandliiiu
fenmuansolunsduagiuasnvdealnsiauvesad
Uszamduluuanila
mMsduangiealasinubiannsildsulasameses
Ju pregnenolone sgteulwl cytochrome P450 side-chain
cleavage (P450scc) melululnnounie Fennsdsinudiy
devululnnsuiniofeserdelusdudiniiidrfgde
steroidogenic acute regulatory protein (StAR) wag
Sadudunesumuuadns (rate-limiting step) ¥®4
nszUINNSELATIERealasiay 9ntu pregnenolone
%gmﬂ%amﬂu dehydroepiandrosterone (DHEA) &g
DHEA gaudsuliu testosterone Ay gevieteules]
aromatase z¥n15WABY testosterone lUiulealnsiau
ma‘LuLauImwmaﬁmsa@é’u (Fang et al., 2001; Saldanha
et al., 2009) é’aﬁ?umswmaul&uﬁ aromatase wag P450scc
Seiediiinsdansehealaseuiunelusediug wad
Uszamsulduaudaiinisianseonuey steroidogenic
enzymes a1 duInLIN 919wy StAR (Wehrenberg
etal., 2001), P450scc (Do Rego et al., 2009) Laz aromatase
(Fester et al., 2011; Yague et al., 2010) FatuFenaaléi
waduszamduluuauila @e steroidogenic cell 7ifl
AuaNTalunsduasgitealnsunaylddnuinuegng
WNITAET primary hippocampal neuron (Prange-Kiel
et al, 2003) waz Wwadmzaewin H19-7 hippocampal
neuron (Chamniansawat & Chongthammakun, 2012)
2. nalnnseangusvesedlasiau

wonINAEINTINUANLAEITITUTTULAURUSUED

a

oalasiaudsfinifiddaiisadestunisiiauves
szuvlszan lawn n1sundesnasinwiwadlszain
Aunssnauluaned naenIuUNILAUNTLUINNNIAT AN
(Chamniansawat & Chongthammakun, 2009, 2010, 2012,
Vegeto et al., 2008) ﬁgqﬁmaimmuaaaqwéﬂmé‘h%’u
loalnslau (estrogen receptor, ER) Lﬁammmmiﬁwmmaq
wadidhmne ludagiuilinssuundiuealssnueeniu
2 Ny AU INsLanseen fe sasuealaseulutuniea
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(nuclear ER) uag fhiuiealnsiauuudeviuiead (membrane
ER) lowoalasiauduiu nuclear ER neluigad nuclear
ER fifuiutealnsiauaziinsindeuiiinginioavousad
\hneiflonsedunszuiunsaensita (ranscription) lag
Fufusumlsfiiameginzasuuanefiduievesdumung
(estrogen responsive element) diensdamszsitunay
Tuseuwiel Gennalnnseenguissenanai nalnuuusudy
(genomic action) ﬁﬁﬂL@ﬁImﬁLﬂu@@ﬂqm%‘mu membrane
ER azihlugnisnszdunalnnisdedygrunisluivad
(intracellular signaling pathway) Lﬁam"uaumiﬁﬂmwum
wadithmngegiesinga Bennalaniseengudiingindi
nalniuulinuBy (non-genomic action) (Chamniansawat
& Chongthammakun, 2010) Wiefia1sanainlasiadisves
fhiuedlasiuaransaduundulealnsaussndu 3 ailn
Ao fhsuealnsiausindan (ERo), Msutealnsauyindnns
(ERB) wag G-protein coupled receptor 30 (GPR30) (Raz
et al, 2008) Gesiutealasiausis 3 vila fMthAuazAS
wansoanlueiuedisnaiu namfe ERa Sunumiiedestu
szuvAUTLS warszuusianl3vie Tneflsenuimynaaesiilsid
81 ERot (ERar knockout mice) lianunsaduiuguazunsiiug
16 Tuvnzfinymaaesiilsifidu ERB (ERB knockout mice)
LifiauAnusnAivessguuduiiug (Rissman et al., 1997; Krege
et al., 1998) ag1elsAmuaINAISANEIRUILENILALTALIN
Wi ERo war ERB Sinsuanseenluaues Ushmiiunnseiy
nanife ERa nisuanseenuinlulwaddszainyin
cholinergic U3t basal forebrain bundle Faududves
auesfiigatosiunginssunisersunl luvaed ERB finns
wansponunuInudUlvuaula way d5usa mosifing
(Shughrue et al., 2000) Fadudruvesanssiisadasiv
nsiBeu3 wavnisasaaud (Ter Horst, 2010) d@ennades
UIUIILVDY Chamniansawat Way Chongthammakun
Tl 2010 Fawandlifivinealnsiaueengnisiiu ERB
Tunsnszdunisuanseonvesdunazlusiuiiiisadosiu
AT¥UIUNTT synaptic plasticity Fadunalnndnvosnisadis
A21U41 (Chamniansawat & Chongthammakun, 2010)
daunsvhauees GPR30 tudsldiduiinsuuide
2.1 8vsWaveauoalnsiausanIsasNAIINT)
2.1.1 Gonadal estrogen
fvdnguiidnauuandiiuiseiuresoalnsiou
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fanadlundsionuaUsesnieudanuduiuslnenseiuseiu
mmwummaamwmmﬁwL?’iam (Purohit & Reed, 2002) ER
Juanmgudnuainisiinlsadalewes uazmslasuealasiau
nauuanInIaduSas veafundnaile (Miller, 1996;
Henderson, 2010) wandl¥liiui1 gonadal estrogen fiavEwa
AENTEUIUNTRBUIUALNNTAII9AIUT (Sherwin, 1994)
Ten5¥eues gonadal estrogen ansasiudngluiig
138771 long-term potentiation veswadUsyamdulunaua
(Smith et al,, 2009) finnsuanioenvesduLazlusiud
Aendastunszuiunis synaptic plasticity (Chamniansawat
& Chongthammakun, 2009) ARDAIULTNT AU synapse
lusUluuaudaldogadiduddgniseda (Smith et al., 2009)
Foavuadunalnfididglunisaiieninud Feaguldn
gonadal estrogen 1#30M5IASULDAIATIAUNALNY FESH
nsvuInnsasaudTluatesdUlUwaNda Fansvihey
FanamienfensvnnuYes ERB (Liu et al., 2008) yonani
Chamniansawat wa¥ Chongthammakun (2010) wanslviliiu
a1AuTBaINalnN1sinuYed gonadal estrogen HIUN1INTEAY

°

ERB na1vfe lunneusnivieneiifioalnsiausssus
9enszdu ERP ToguuiBeriuwaduaziinadosaonndeaiv
nsrdunsaeaudlussesidudu andu ERB fiduiy
walasiuazindeuiitunaelumaduaziingionioa 79
Annsduasesidusarlusfurialmifiensvanesionis
Mauvstealasiaulunisaiiennudn laun activity-
regulated cytoskeleton associated protein (Arc),
postsynaptic density-95 (PSD-95) Wag synaptophysin
(Chamniansawat & Chongthammakun, 2009, 2010)

2.1.2 Hippocampal estrogen

MENMEIRINNSAUNUINENTALATIZRELA T

4

yneluwaduszamsuluwautalugiesl 1980 viluiinng

R 2

Anwreegeraiilosfaunuinuazniiifives hippocampal
estrogen wagwuimniinsdudsmsdansiet hippocampal
estrogen Tapdudanisyiauveaeulssi aromatase lu
sUlUwnutalnensishsuds wie nsvilidnineaeslyiou
aromatase ﬁmaé’ugﬂm:ﬁmums synaptic plasticity wag
ann1suandeanveslUsiufiieItostunseuauns synaptic
plasticity 891w synapse luauesdruduluuauia
(Zhou et al., 2010) usnanimnldiealasiaunnisad
Uszamitimsdudamsdansest hippocampal estrogen
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Fransdudinisvinaures aromatase nuinealnsiau
TiannsawdeiliAanszuiuns synaptic plasticity 16
(Kretz et al., 2004) V¥ nsdasunalnnsBeuiuagns
a519a11u47108 gonadal estrogen Hugesns hippocampal
estrogen uspgnslsimunalnnisvhauanaafgalulud
NIIVUUTR fiou1 Chamniansawat ey Chongthammakun
(2012) wanslifiuiinisdudfsnsdaunsest hippocampal
estrogen finaann1suaninonaes ERP lulwaduszam
sUldupulla odrefldedrfyvieadd wenaind eonadal
estrogen azlianunsansyAunsEUIUNITAS AN luwad
Uszamdvllunudadletinstudimsdansiest hippocampal
estrogen (Chamniansawat & Chongthammakun, 2012)
uansliliiudn hippocampal estrogen funumdAysrenis
wssuuazn1sUTUveuaalsEamlunIsnouausIse
gonadal estrogen KUNITAIVANNITHAAIDBNHATAITVINNIY
U939 ERP
22 dnsnaveuealnsiounenIsuntoswaaussan
2.2.1 Gonadal estrogen
Iafinsseaudswavesedlasiaulunisuntes
wanUszamulunaiuu InesAduusnTenuin nAndga
fonnImevsaadUszauaannifinnzausIaden
(cerebral ischemia) Wounaweae (Simpkins et al., 1997)
NSANYIRBNINUINTZAUAUTULSIVBINITUIATUINATIE
duaanadenvziinuduiusivszauvesealasaulunssud
\Fonvesdnivnass dmuhmusuussinantesiiaeluszey
proestrous cycle Fafuszoziiflsziuvesealnsiaugsiian
(Carswell et al., 2000) wonaniifaiisieeuiinisue
walasiuwmienilfiAnnsniewuy apoptosis vaawad
Usvamsulupuaifiniy (Meng et al., 2010) n1sunias
wadUszamuedealnslue dun1snseduiisuealnsau
Tasany ERB nafe wieli diarylpropionitrile (DPN) &

1Y

Hgvsdmglunisnsgdunisvinaeures ERP anunsnansedu

A

AUTULIININNIEVINLABA LG o8 1Tt ATy Nad AL
Wisuisuiunguenuau luvaedl ERa lifinaundeawad
Uszawilunnesananla (Carswell et al., 2004) wansliliiun
gonadal estrogen funumlunisundeswaduszanuiu
n13NsERU ERP
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2.2.2 Hippocampal estrogen

UeN1N gonadal estrogen azﬁqméiuma
Untloawaduszam hippocampal estrogen ﬁﬁqwé‘dﬂﬂaﬂ
waaUsvamlauiu Tud 2003 McCullough wagmugs18u
S inaandiliiit aromatase Fudunisdudinisdaasest
hippocampal estrogen wigail gonadal estrogen ’«Jzﬁﬂﬂﬁj
MILAINANTUNTIVBINITUIATUYDIANBIINAN AN DY
yadeniloIsuiisuiunguaiuguiigndnselydslaid
gonadal estrogen (McCullough et al., 2003) ﬂﬂ%ﬁi’]
hippocampal estrogen 3185wau1nnI1 gonadal estrogen
Tun1suntleswadlszary donndeIAuNITNABDIVDS
Chamniansawat w8z Chongthammakun (2012) R
wandliiuinflowadusramduluuaudaldfuansiiv wu
Telasiuesoantss (H,0) Tunmeiifimstiudinsdanse
hippocampal estrogen fnaandns1N1slTINTOAYDILAR
WISLEEY LAZARTEAUNTLARIDBNYDY anti-apoptotic
protein (BCL,) ileU3ouifisuiunguitlé3u H,0, agrafen

GEIL

pEnguMsAnwATeauiedagiudedh QREGIGERRR
hippocampal estrogen HUNUIMENAYADNIILATLUFILAY
nsuTufMveswaduszam Tnen1sifiunisuanioanyad
ERP Lﬁasaﬁumiﬂizﬁumﬂ gonadal estrogen lun1s
nszfunalnnisadnemdnudn waznisundeswaddszam
mnlid hippocampal estrogen agdinaandnuiIu ERP
Faulu receptor ndnluniseengniunieawaduszam
war M3adeanud Swihlieaduszamdey uagliifn
A38UIUNTT synaptic plasticity Fadunalnudnvosnisadis
s egnalsimumsanuaiulngiiudunsinuilusesu
wad FemsiinisAnuvideideddudninaassuasfnuds
woAnssuiiethlugnisluldlunmstestunazdaaiunis
auwesszuulszannely
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Abstract

Aging is a main cause of neurodegenerative disorders such as Parkinson's disease and
Alzheimer's disease. Microglia are key mediators of the mechanism of disease. Activated
microglia in aging produces a number of factors that could affect neuron function and
survival. Importantly, in the present study we demonstrate that lipopolysaccharide (LPS)-
activated microglia is necessary and sufficient to inhibit the processes of memory formation
in hippocampal neurons in vitro. Furthermore, we demonstrate that microglia-derived factors
induce neuron apoptosis via a mitochondrial pathway regulated by the Bcl-2 family protein.
Estrogen-derived hippocampal neuron are known to play a key role in regulation of memory
processes and we demonstrated that LPS-activated microglia decrease the number of synaptic
protein density, PSD-95, via inhibition of hippocampal estrogen production. Specifically, we
show that ERa and ER are also decreased in H19-7 hippocampal neuron cultured with
activated microglia. In summary, we have identified a novel mechanism that age-related
microglia activation inhibits synaptic plasticity on hippocampal neuron in vitro that could be
targeted to recover memory function in diverse age-related neurological conditions.
Keywords

Aging; Synaptic plasticity; Hippocampal estrogen; Apoptosis

Introduction

Aging has been causally linked to the development of several neurodegenerative
disorders including Alzheimer’s disease and Parkinson’s disease. Several lines of evidence
have indicated that microglia play an important role in the diseases pathogenesis (Aisen and
Davis 1994; Wong 2013). In aging human brain, microglial morphology exhibits an activation
state, which increased expression of activated microglia markers including major

histocompatibility complex 11 (MHC-I1), CD11b, and ionized calcium-binding adapter



molecule 1 (Ibal) (Miller and Streit 2007). These molecular markers are also increase in
aging microglia in the absent of injury or diseases (Frank et al. 2006). Consistent with these
markers, aged microglia are found to express increased level of inflammatory cytokines (such
as IL-1p, IL-2, TNF-a, IL-6), which indicated that microglia-mediated inflammation is a one
of age-related factor (Lee et al. 2013). In histopathological study, aging microglial
morphologies exhibit a perinuclear cytoplasm hypertrophy and retracted processes, which is a
character of an activated microglia (Miller and Streit, 2007). These findings strongly
suggested that aging microglia has a similar phenotype with an activated microglia.

In addition, memory loss is another one of the most featured consequences of aging. It
has become clear that memory loss in aging results of the failure of estrogen synthesis in the
gonads (Adams et al., 2001a). However, estrogen has also been shown to be synthesized by
hippocampal neurons (Fester et al., 2011; Chamniansawat and Chongthammakun, 2012).
Hippocampal-derived estrogen rapidly regulated all processes of memory formation (Prange-
Kiel and Rune, 2006). It also functions for neuronal preparation in responsible to exogenous
estrogen functions (Chamniansawat and Chongthammakun, 2012). However, hippocampal
estrogen functions are still largely unknown. Interestingly, elevated levels of estrogen in
experimental replacement are unable to increase the number of spine density in aged female
rat (Adams et al., 2001; 2002). Furthermore, the number of synaptic density was significantly
lower in aged ovarectomized (OVX) rat than young OV X rat (Adams et al., 2002). In the past
few years, it has become explore that young OV X monkeys has a normal working memory
while aged OV X monkeys display significant working memory impairment (Bailey et al.,
2011). These findings have exhibited that there are other factors that also play a role in age-
related memory impairment. Therefore, the present study aims to demonstrate another effect

of aging, age-related microglia activation, on memory formation in hippocampal neuron.



Methods
Cell culture

HAPI microglial cells were generously provided by Prof. James R. Conner (Hershey
Medical Center, Hershey, PA, USA). Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco-BRL, Grand Island, NY) supplemented with 5% fetal bovine serum
(FBS; PAA, Labolatories, Morningside, Queensland) in a 5% CO, humidified atmosphere at
33 °C as described previously (Thampithak et al., 2009). The cells were plateed in 6-well
plate and transwell plate for normal culture and co-culture experiments, respectively (Fig 1).

H19-7 cells of hippocampal origin (H19-7 hippocampal cells; ATCC® Number, CRL-
2526 ™) were grown on poly-L-lysine-coated dishes, in Dubecco’s modified Eagle’s medium
(DMEM; Gibco-BRL, Grand Island, NY, USA) ina 5% CO; humidified atmosphere at 33 °C
as described previously (Chamniansawat and Chongthammakun, 2012). Hippocampal H19-7
cells are transformed with a temperature-sensitive mutant of simian virus 40 T antigen and are
conditionally differentiated. For differentiation, cells were incubated ina 5% CO, humidified
atmosphere at 39 °C in DMEM and N, supplements (Invitrogen, Carlsbad, CA, USA), and the
process was accelerated by adding 10 ng/ml basic fibroblast growth factor (Sigma, St. Louis,
MO, USA).

Enzyme-linked immunosorbent assay (ELISA)

To evaluate secreted E2 IL-6 or IL-10 levels in culture media, colorimetric ELISA
kits (TSZ ELISA; Framingham, MA, USA) was performed according to the manufacturer's
instructions. Briefly, culture medium were pipetted into micro-assay well which had been
precoated with monoclonal antibody against E2 IL-6 or IL-10 followed by incubation at 37°C
for 30 min. And then washing buffer was added to wash an excess binding before added
HRP-conjugated reagent to each well. To develop the reaction, chromogen substrate was

added and incubated at 37°C for 15 min in light protection. The reaction were stopped by add



50 ml stop solution into each well. Absorbance was read at 540 nm on a microplate reader
(Bio-Tek). Samples were quantified by interpolation with standard curve.
Immunocytochemistry

For immunocytochemistry, hippocampal H19-7 cells were seeded on 12-mm glass
coverslips at a density of 10,000 cells/coverslip and cultured overnight as previously
described (Chamniansawat and Chongthammakun, 2009). At the end of all treatments, cells
were fixed for 15 min in 4% paraformaldehyde at 4 °C, followed by permeabilization in 0.2
M glycine. After blocking of nonspecific binding, cells were incubated overnight at 4 °C with
1:100 mouse anti-Arc, PSD-95, and SYP antibodies (Abcam, Cambridge, UK). After washing
away excess primary antibody, cells were then incubated with 1:1000 fluorescien
isothiocyanate (FITC)-coupled anti-mouse  1gG secondary antibody (Zymed), and
subsequently stained for nuclei with 1:500 TROPO-3 (Molecular Probes, Eugene, OR). We
used a confocal laser-scanning microscope (model FV 1000; Olympus, Tokyo, Japan) to
analyze the fluorescent signals.
Western blot analysis

Western blot analysis was performed as described previously (Chamniansawat and
Chongthammakun, 2009). H19-7 hippocampal cells were lysed with RIPA buffer. Equal
amounts of protein were separated on 10% SDS-PAGE, and transferred onto nitrocellulose
membranes. The membranes were incubated with 1:1000 mouse anti-ERa, ERp, Arc, SYP,
IL-6, INOS, and IL-10 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), rabbit anti-PSD-95
(Abcam), or -Bcl2 (Abcam) antibodies, and then incubated with a HRP-conjugated secondary
antibody (Zymed, San Francisco, CA). The signal was detected with ECL Western blotting
substrate (Pierce, Rockford, IL) and captured on Hyperfilm™ (Amersham Pharmacia
Biotech, Piscataway, NJ).

Quantitative real time-PCR (qRT-PCR)



To determine mRNA levels of target genes cells, total RNA was extracted by using
the RNeasy Mini kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol as
previously described (Chamniansawat and Chongthammakun, 2009). A 2ug total RNA was
converted to cDNA with the high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). Quantitative real-time PCR (qRT-PCR) was performed
on the Applied Biosystems PRISM 7700 Sequence Detection System using TagMan-Gene
Expression Assays with FAM™ dye-labeled TagMan® MGB probes, which contained
customized primer design according to the manufacturer’s protocol. The positive endogenous
control was GAPDH and the negative control was water. The relative expression of mMRNA
was calculated using the comparative Ct method by using SDS software v.1.3.1 (Applied
Biosystems). All data were normalized with the endogenous reference gene GAPDH
expression (Applied Biosystems).

Hoechst 33258 Staining

Apoptotic morphological changes in the nuclear chromatin were examined using Hoechst
33258 staining. The cells were fixed with 4% paraformaldehyde, stained with Hoechst 33258
(5 mg/L) for 10 min and examined by fluorescence microscopy to analyze cell chromatin
condensation.

Measurement of NO*, production

For nitrate assays, cells were seeded in 96-well plates (2x105 cells/well), the compounds to be
tested were added with LPS (100 ng/ml), and incubation continued for 21-24 h. All of the
compounds were dissolved in DMSO, and the final concentration of DMSO in assays was
0.5%. At the end of incubation, 100 ul of conditioned medium was mixed with 100 pl of
Griess reagent (0.1% naphthylethylenediamine, dihydrochloride, and 1% sulfanilamide in 5%

phosphoric acid). After 10-min reaction at room temperature, A540 was measured with a



plate reader. NO concentration was calculated according to a standard curve of sodium nitrite.
I-N-5-(1-Iminoethyl) ornithine hydrochloride (N1O) was used as a reference inhibitor.
Results

LPS activates microglial HAPI cells

We evaluated the effect of LPS induced microglial HAPI cell activation initially by phase-
contrast microscopy (Fig. 1A-C). More round or shrunken cells appeared in the culture, when
exposed to 100 ng/ml LPS over times (1, 3, and 6 d). Results of quantitative RT-PCR further
demonstrate LPS-induced microglia activation by up-regulation of microglia activation
markers mRNA, MHC I1, CD11b, and Ibal (Fig. 1C-F). These mRNA levels were markedly
induced by LPS treatment compare with untreated microglia (0 d). These results indicate that
100 ng/ml LPS induce microglial HAPI cell transformation from resting to activated states.
LPS induces inflammatory cytokines expression in microglial HAPI cells

To test whether LPS is induced inflammatory response of microglial HAPI cells, we
examined the effect of LPS on soluble factors including nitrogen species and both pro- and
anti-inflammatory cytokines release from the microglial culture. Microglial HAPI cells were
incubated with LPS in the culture medium for 6 d. Medium was collected every 1 day and
analyzed for nitric oxide and cytokines release into the medium by nitric oxide assay and
ELISA, respectively. As shown in Fig. 2, treatment of microglial HAPI cells with 100 ng/ml
LPS significantly (p<0.01) increased IL-6, IL-10, and NO"; release by 1 d and persistent for 6
d. LPS-induced IL-10 release was then attenuated during the next 2 d as well as slightly lower
than that of the vehicle (0.01% DMSO)-treated control (Fig. 2B). LPS-induced increase in IL-
6 and NO", release was dose-dependent (Fig. 2A and C). In addition, a significant increase in
IL-6 and iNOS expression after LPS treatment was determined by Western blotting (Fig 3).
The expression appears to be correlated with the time of LPS incubation. While IL-10

significantly increased in first 3 days of experiment and then return to baseline. These results



indicate that LPS-activated microglial HAPI cell induces inflammatory response through
increased expression of pro-inflammatory cytokine (IL-6 and NO™,) and decreased anti-
inflammatory (1L-10).

LPS-activated microglial HAPI cell induces apoptosis of H19-7 hippocampal neurons
To investigate the effect of activated microglia on hippocampal neuron apoptosis, the H19-7
hippocampal neurons were co-culture with LPS-activated microglia in transwell and the pro-
apoptotic Bcl-2 family proteins, an essential regulators of mitochondrial mediated apoptotic
pathways, was determined. As shown in Fig. 4, culture of H19-7 hippocampal cells in normal
condition profoundly increased Bcl2 expression by 2 d and increased 5-folds by 6 d. In
contrast, hippocampal neuron cultured with LPS-activated microglia showed a significantly
decreased of Bcl2 at 2 d and remained unchanged until the end of incubation period.
However, LPS has no effect on the hippocampal neuron (result not shown). Consistent with
Bcl2 expression, the fraction of apoptotic cells was assessed by Hoechst 33342 staining. As
shown in Figures 4C and D, the fraction of apoptotic cells was found in hippocampal neuron
cultured with LPS-activated microglia for 6 d but not in the same day of the normal culture.
These results suggest that releasing factors-derived microglia activation induces H19-7
hippocampal neuron apoptosis primarily through a mitochondrial-dependent pathway
regulated by the Bcl-2 protein family.

Activated microglia inhibit the expression of synaptic marker protein in H19-7
hippocampal neuron

Hippocampal neuronal plasticity is main molecular mechanism of memory formation.
Therefore, we next examined whether mechanism of memory loss is associated with the
activation of microglia. As shown in figure, the expression of PSD-95 was decreased in H19-
7 hippocampal neuron cultured with activated microglia. Moreover, neuronal processes were

also decreased in the co-culture. PSD-95 plays an essential role in regulating hippocampal



synaptic transmission, synaptic plasticity, and hippocampus-dependent behaviour (Nagura,
2012), indicating that activated microglia-derived cytokines may have a physiological role in
the inhibition of memory formation.

Activated microglia inhibits hippocampal estrogen synthesis

Since we have already shown that estrogen synthesizes in normal culture of H19-7
hippocampal cells (Chamniansawat and Chongthammakun, 2012), we next examined whether
estrogen-derived hippocampal neuron is necessary for activated microglia inhibit synaptic
plasticity in H19-7 hippocampal neuron. To address this, we compared amount of secreted
estrogen in culture media of H19-7 hippocampal neuron derived from normal culture and co-
culture using ELISA kit. Time-course experiments showed that secreted estrogen levels were
significantly (p<0.05) elevated for 3 d to 40% of control value and progressively increased
over time. At the end of the experiment (6 day after cultured with activated microglia),
secreted estrogen levels were increased up to 100% of control value. Furthermore, we also
analyzed the long-term effect of LPS-activated microglia on hippocampal estrogen secretion.
Interestingly, the level of estrogen still significantly increased in the H19-7 hippocampal cells
cultured with activated microglia for 3 d but the amount of secreted estrogen significantly
lower than that of normal. In co culture, secreted estrogen returned to the control level by 4
day then progressively decreased through the end of incubation period. This rapid decrease of
estrogen secretion (3-6 d) was related with level of cytokine expression, which rapid
increased in 6 d. Time-course experiments showed that secreted estrogen levels in co-culture

were significantly lower than that of the normal from 3 d and until the end of the experiment.

Activated microglia suppress ERa and ERp expression in H19-7 hippocampal neuron
To investigate the mechanism by which activated microglia cells suppress hippocampal
synaptic plasticity, the expression of two ER subtypes, ERa and ERf3, were measured by

western blot analysis. Significant increase in both ERa and ERp expression was found in
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H19-7 hippocampal cells cultured in the normal condition. Moreover, two-fold increase of
ERo expression was observed at 2™ d while ERP reach to two-fold at 3" d of experiment.
Time-course experiments of co-culture with activated microglia showed significant decrease
in ERa and ERP expression within 2™ and 4™ d, respectively. This result suggested that
activated microglia cells suppress hippocampal synaptic plasticity via inhibition of ERa and
ERp expression.

Discussion

It is increasingly evident that microglial aging is implicated in the pathogenesis of
neurodegenerative disorders like AD. There are a large number of reports on the aging
phenotype of microglia, shared same typical characteristic with an activated microglia.
Furthermore, previous evidence has demonstrated aged mice showed increases in microglial
activation, NADPH oxidase expression, and ROS production similar with LPS-induced in
young mice (Qui et al., 2013). It strongly reported that CD11b and MHC Il are trypical age-
induced-microglial markers (Bilbo, 2010). Our observation was subsequently confirmed by a
study the effect of LPS on morphological microglial activation and activation marker
expression. Earlier, we showed that LPS induced morphological changes and increase mMRNA
of activation marker proteins including MHCII, CD11b, and Ibal. Furthermore, we also
showed that LPS induces inflammatory response similar to present in aging microglia. LPS
increased IL-6 and nitric oxide release and decreased IL-10, indicating that LPS induced
inflammation. Similar to previously, LPS upregulated the expression of TLR4, phospho-JNK
(pINK) and phospho-NF-kB (pNF-«B), TNFa and IL-1f, and iNOS in HAPI microglial cells

(Shih et al., 2009; Thampithak et al., 2009; Richwine et al., 2008).
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