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Figure 3, Chemical LTP {cLTP) stimulation induces the exodus
and re-entry of DA-actin. (A) Meurons (21 DIV) were stimulated with
a buffer containing 0 uM Mg®, 200 pM glycine, 20 uM bicuculline,
1 uM strychnine and 0.5 uM TTX {cLTP stimulation} for 3 min and then
fixed 5 or 30 min after stimulation. The fixed cells were double-labeled
for drebrin and F-actin. Scale bars, 5 um and 1 um in upper and lower
panels, respﬁctiwty The lower panels show the higher-magnification
images of the spines findicated by arrow heads} in the upper panels. (B)
Bar graphs represent the spine-dendite ratios {SDRs) for drebrin and
actin. cLTP stimulation significantly decreased the drebrin and actin
SDRs at 5min n=30 celly p<00l, Student's t test). Error bars
represent semn. (€, D) We wansfected 7-DIV neurons with a GFP-
drebrin A [GFP-DAj-expressing vector and performed time-lapse
imaging at 21 DN, Scale bar, 1 um. {{) shows the GFP-DA images at
0,5, 10, 15 and 20 min after the start of the time-lapse recording. The
neurons were stimulated with <LTP solution from 3.5 min (indicated by
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an arrow; to 85 min. in (0, closed circles representdata obtained at 30-
sec intervals. Ertor bars represent s.em. (n= 7 neurons). The GFP-DA
SRR began to decrease soon after ¢LTP stimulation. When the
stimulation was stopped, the GFP-DA SDR began to increase and
recovered to control levels within 10 min.

doi:10.1371/journal.pone. 00B5367.g003

actin in dendritic spines was similar for both with and without
glotamate stimulation {photomiceographs in Fie 6B Howeser,
quantitative anabysis showed that BGTA weanment significandy
inereased both the drebein and actin SDRs compared with conremt
neupons. Following the exteacelbular Ca™ chelation, plutamare
stivmlarion failesd oo bnduce decreases in deebrin and acrin SRS
e B0 cells; pe (LBS for drehein SDR, p =084 fr aerin SR
Stadent’s £ pest; graphs n Fig, 6B These data indicare thae Ca” *
nflux & involved in dhe changes i boeh DA-actin and non-138-
actin distribution,

Inhibition of Lengre voltage-dependent Ca™ channels with
20 uM pifedipine did nor block glommate-indbeed changes in
drebrin and Pacrdn localization {photomicrographs in Fig. 603
Cuantitarive analysis abso showed thae pifedipine weanmenc did
not inhibin the ghoamare-tnduced decreases i drvebein and acrin
SDRs. Hewover, i the absence of ghwamate  sdmulation,
nifedipine reatment significanty increased the drebrin and actin
SR evels, similar to the resolis obtained with APV and EG'TA
earments fympm in Fig. 6C)L This indicares dhar woleage-
dependent Ca™ channels regulare the acoumulation of D-actn
in dendritic spines, but do nor regulare the DA-actin exodus,
Hewever, we cannot exclude the possibiliny that the increase of the
basal SDR s due o inkibitdon of volage-dependent Ca™ channels
in the presynaptic wrminus.

Inhibitinn of Ca™ release from bpeaccllular stores with 1 uM
thapsigargin [32] did nor block glutamare-indoced  changes in
dyebrin and F-actin localizaton {phommicrographs i Pl G100
Crantirarive analbysis showed thar thapsigargin neithey noeased
the deebrin and acin SDRs (0= 30 eellsy p= 089 fhe deehrin
SDR, p= 050 for actin DR Smdents ¢ wst) nor blocked the
ghutamare-induced deorvases i deebwin and acvin SIRs o2 80
colls p<if], Scheffe’s wst; graphs in Fig. 6D

Fogether, these dara indicars thar DA-actin exocdus i vegulared
by NMDA receptors, but aot by voltage-dependent O™ chanuels,
Ch the other hand, the basal acownalaton of DA-acrn in
dendsitic spines & rrmxhwd Ly hmh NMDA receptors and
voltage-tepentdent Ca™ channels, 7 release Teom inmraceliulay
stoves ks not involved in cither the I)Aﬁmsm exodus or the basal
accwnulaton of DA-actin,

Glutamate-induced DA-actin exodus is also dependent
on myosin It ATPase activity

We examined whether wvosin 1 AT Pase is involved in che
ghiamare-induced DA-actin exodus. In the presence of alil,
deebrin Jocalizadon ar dendritie spines was oot affecred by
ghitamare sriralarion {phomiceographs in Fig. 7, and ghatanaee
st larion did notinduce a deorease in dmlmm SR {2 50 cells;
= 006, Smdents ¢ rest; geaph in Fig, 71 Ineeeestingly, the actis
SR was slightly, bur significandy, decreased apen glutamace
stimolation {graph i Fig. 73 although the decrease was nog

gt
remarkable compared with thar in the presence of L Fiyg. 73
This result indicates thar inhibiton of myosin 1 AT Pase does not
complerely block the exodus of Feactin, ndivating thar a small
amoant of Pactin ocher than D A-actin exits dendritie spines in
response o glutamare stimuelation.
Together, it is indicared thar the ghiamare-induced s well as
the ol Pinduced  DAsactin exoduos depends on mvesin 11
ATPase, but the ghiamarte-induced non-DA-actin exodus s ar
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Figure 4. cLTP-induced DA-actin exodus is blockad by an inhibitor of myosin Il ATPase. Mewrons {21 DIV} were preincubated with 100 uM
(S3-{ - +blebbistatin {abL the active form of blebbistating for 30 min and then stimulated with cLTP solution for 3 min. (Ri-(+}-blebbistatin (iBL the
inactive farm of blebbistating was used as a contml. Scale bars, 5 um. F-actin images indicate that spines kept their structure during the experiment
although their shapes were changed. The aBL-treated neurons did not show a decrease in the drebrin and actin SDRs at eithet 5 mirvor 30 min after
cLTP stimulation {n= 30 cells; Student’s test), whereas iBL-treated neurons showed a significart decrease in the drebrin and actin SDRs at 5 min
In =30 cells; p=0.01, Scheffe’s tast), sirnilar to that observed in control neurons in Fig. 3. Error bars represent s.eam.

doi: 10,137 Vjournal. pone 0085 367.9004

least partly bulependent of myosin 1 ATPase. This mvosin H- The DA-actin exodus is not dependent on

independent loss of non-DA-actin mighe corvespomnrd to e NAIIA phosphorylation of myosin {ight chain

receptar-independent loss of non-DA-actin shown in Fg. 6A. T examine whether the phosphorvlation of noyosin light chain
ML s oenleed i the Dcacdn exordos, we inhibived novosin
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Figure 3, Effects of various excitatory stimulations on DA-actin distribution. Images were abtained from neurons {21 DIV} double-abeled
for drebrin and F-actin. Bar graphs represent the spine-dendiite ratios [SDRs) for drebrin and actin, [8-C) Meurons were stimulated with 100 uM
glutamate for 10 min (Al 50 uM bicuculline and 500 M 4-aminopyridine [Bic/g-AP for 10 min {B), or 50 mb KClin Tyrode's solution for 5 min (O, F-
actin images indicate that spines kept their structure during the experiment although their shapes were changed. After stimulation, the drebrin and
F-actin clusters in the spines disappeared, and a linear staining pattern appeared along the dendrite. Both the drebrin and actin SDRs were
significantly decreased (glutamate, n= 170 cells: Bic/4-AP, n= 30 cells; KCL, n= 30 cells; p< 0071, Student's ¢ test). Mote that the control drebrin and
actin SDRs in {C) were greater than the other SDEs because Tyrode's solution was used instead of normal mediurn. Scale bars, 5 um. Error bars
represent s.em.

doi:10.1371/journal.pone 00B5367.9005
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Figure 6. Effects of various inhibitors of Ca® entry on DA-actin distribution. Neurons (21 DIV} were mcubm&d in normal medium
containing 50 pM APY (A), 20 md EGTA (B, 20 oM nifedipine (<), or 1 yM thapsigargin (O] for 30 min. The neurons werg then 5tamulamd wath
100 uM glutamate for an additional 10 min F-actin images indicate that spines kept their structure during the emmmnt al:hough their shapes
were changed. Scale bars, 3 pm. (A) APV pretreatment significantly increased both the drebrin and actin SORs (n= 30 cells; p0.01, Scheffm test) in
the presence of APV, glutamate stimulation significantly decreased the actin SDR (n= 30 cells; p<001, Student's ¢ test) but not the drebrin SOR
fn =230 cells; p= 0.52. Student’s ¢ tests. (B) EGTA significantly increased the drebrin and actin SDRs (n= 30 cefls; p<0.01, Scheffe’s tast), andblotked
the glutamate-induced decreases in drebrin and actin SDRs (n =30 cells; Student’s t test) {€) Nifedipine s:gmﬁcantty mcfeasesd the dreimn ang actm
SORs (n=30; p=0.01, Scheffe’s test), but did not block the glutamate-induced decrease in drebrin and actin SORs (n=30; hﬁﬁ’e“ﬁ o5t {D}
Thapsigargin neither increased the drebrin and actin SDRs {n= 30; Student’s t testi nor blocked the giutamawmduc&d dexr drebrin and actin
SORs (n= 30 p0.01, Scheffe's test), Error bars reprasent s.em. S T e

doi: 10,137 Vjournal pone D085 367 gQ06

light chady kinase MLOK). When MLOK activiry was inhibiced We then inhibited ROUK activity with | pM H-1132, In the
with 1M M7, ghuamate simualarion induced the loss of presesce of H-1152, glatamate stmuladon induced the foss of
drebrin and Foaoin from dendeitic spines {photomicrographis in drebrin and Fractn fromy dendritie spines {phommicrographs in
Fie BAL Quangitadive analysis showed thar the ML-7 weatment Fig. BB Quangiatve analvsis showed that the H-1152 meatment
did nor change the drebrin and acin SR levels compared with chicd now change the deebrin and actin SDR levels compared with
eontrol peuroms, and  did oot ishibic the  glutamae-induced camtrol  peurons, and did oot inbibit the  plutamare-induced
decreases in the deebrin and acin SDRs (Fig. 8A) decreases in the deebrin and actin SDRs (Fig 2B
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Figure 7. Glutamate-induced DA-actin exodus is blocked by an
inhibitor of myosin I ATPase. Neurons {21 DIVY were preincubated
with 100 uM aBL for 30 min and then stimulated with 100 uM
glutamate for 10 min. Factin images indicate that spines kept their
structure during the experiment although their shapes were changed.
Scale bars, 5 um. The drebrin SDR of aBL-treated neurons was not
decreased by glutamate stimulation {n= 30 cells; p= 006, Student’s ¢
test), although that of iBl-treated neurons was decreased (n= 30 cells:
p=i001, Scheffe's test). On the other hand, the actin SDR of aBL-
pretreated neurons was slightly, but significantly, decreased by
glutamate stimulation {n= 30 cells; p-<0.01, Scheffe’s test), although
the reduction was rmuch smaller than that observed in iBL-pretreated
neurons {n=30 cells; p<0.01, Student's ¢ testl. Error bars represent
LEX
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Beranse MLOK and ROCK phosphorviare MLOG [85], the
abowe dara suggese thar MLO phosphordlation is not involved in
the Ddeactin cxodus,

Discussion

In the present study we dempnserared thar (1) chemical long-
erm potentiation ELTP stivmlarkon Budaoes eapid DAeactin
exordus and sabseguent D-actin se-onpey in dendeitie spioes, {2
Ca™ ffloc theough NMIXA receprors repnlates both the exodus
and the basal ascomuladon of DiA-acdn, and (3 the DAeacrin
exodns & blocked by o mvosin 11 ATPase inhibitor, bur s o
Blnocked by edther 3ILOK or ROCK fnhibiooes.

These resulrs fndicars thar Ca™  influx through  NMDA
prcepros induces the DA-actin ewodus in LTP indoction, and
thae mvosin 1 medinees the interacton beoween NMIA recepror
acteation and DA-actin exodus Fig, 520 Vuethermore, the Ca™
inflay seems o activate movosin 1E AT Pase by a rapid actin-linked
mechanism  inseead of slow MLC phosphordlation. Thus the
myosin H-mediared DA-actin exodus mighe be an inital event in
LTP  iuluedon,  triggering  actin - polvmerization  and  spine
enlarpement.

SDR analysis of DA-actin migration in and out of
dendritic spines

In the present study, wsing deebrin SR, we found that APV
treatment not only inhibies the DA-actin exodns bar also factlitares
thy acenmubation of DA-actin in deadritic spines. I our previons
stuclies, we conld nor detecr any  fhaciliarive  offeer of APV
wrannent on deebein avcomalation i dendritie spines, becanse
wer waed deebrin cluster densiey along dendrites for assessing the
shymarmic changes in deebrin localizatien [V517]0 Although this
method i sensitive conough w derecr the loss of decbrin from
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Figure 8. The DA-actin exodus is not blocked by inhibitors of myosin light chain kinase (MLCK) or Rho-associated kinase (ROCK).
Meurons (21 DIV) were preincubated with 10 uM of ML-7, an inhibitor of MLCK (A2 or T ub H-1152, an inhibitor of ROCK (B} for 30 min, and then
stimulated with 100 uM glutamate for 10 min. Meither ML-F in= 30 cells; drebrin SDR p<001, actin SOR p=0.01, Scheffe’s test) nor H1152 in=30
cells; drebrin SDR p=-0.01, actin SOR p-<0.01, Scheffe’s testi blocked the Da&-actin exodus. F-actin images indicate that spines kept their structure
during the experiment although their shapes were changed. Scale bars, 5 .
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dewndriris it i not sensitve deteer the
accumnalation of decbein i dendeitie spines,

By vomparing the changes in drebrin and acen SDRs we can
extrapnlate the changes in non-DA-acting beeavse the woeal F-actin
shown by the actin SIH consists of DA-actin and non-DA-actin,
I the present study see tounsd that the glusnmate-induced exoduses
of DA -actin and non-DA-actin ave differentially regulated by each
plutamate recepror subtype. Thus measurement of SR & a useful
method to analyee the migration of proteins in and o of dendriric

spines.

spnges, enough

The DA-actin exodus may trigger the facilitation of F-
actin polymerization in dendritic spines

After NMDA receptor activarion in L'TP induction, facilitarion
of actin polymerization and spine enlargement arve observed 34—
53], Howeser, the underlving mechanisms of these processes hawe
ot been elucidared. The present study shows thar the ol
amounr o Fractin in dendritic spines wansiently decreases shoerly
after cBTP stimudarion, resalting from a DA-acrin exodus. Onee
the tal Feactin in dendvitie spines reduees by the DAsactin
exodus, moasmeric actn is kely o mmediately eefill the vacans
space by diffasion [15]. The increase o the amount of monomeric
actin s konown o facflite Feactin polvmerization [36]. In
addirion, the rreadmilling rare of DA-actin & low [8], sugaesting
that the high fevel of DA-actin o dendvide spines makes the
avervage readmilling vare o toral Factin tower in resting dendritc
spines. Beeause quickly-rreadmilling non-DA-actin predominares
i dendeitie spines alter the DA-actin exodus, the average
ereadmilling rate of wwl F-actn is increased. Together, it i
inlicaped thar the DA-actin exodus increases the monomeric actin
content amgd the weadmilling raoe of Pactin in dendritie spines,
resulting in the facllitaton of Factin polvmerization and spine
enlargement (Fig, $2)

Possible molecular mechanism for how Ca® influx
activates myosin Il ATPase in dendritic spines

Myosin I A'TPase & known o be activated by MLO
phasphorylation or by an actindinked mechanism. The important
wane remaining b owhich molecular mechanism s related w the
DA-actin exodos. MLCOK and ROCK are two major sandidates
for the regulator of MLC phosphorvlation [33]. The present sy
rewveals that block of weither MLCK nor ROCK inhibits the DA~
acrin exadus. This finding soggeses that MLC phesphorylation s
nnt involved @1 the 1 ::m exaorlus,

Thus acrivation ol g in 11 ATPase
mechanisim is likely m\u[wrl in the DA&-actn exodus In the
actindinked mechanism, myosin 11 ATPase &s activated by the
release of the suppressed actomyosin nteraction. In mamimalian
skeloral mseles, when Ca™ binds to the woponin complex, the
actomyosin ueraction suppressed by wopomyosin is released, and
ennsequently mynain 11 ATPase is acrivated. Because drebrin A
inhibits the myesin I AT Pase activity similar to tropomyuosin [20],
deebrin A Is theught to be the counterpart of tropomyosin in
dendritic spines [14]. Thegefore it & suggested that deebrin A
protects actin fHaments from the interaction with myosin 11 in the
vesting dendritic spines, resulting in the inhibitdon of myosin 11
AT . Once NMDA receprors are activated, the O * influx

by an  actin-linked

sil

through NMDA receptors may change the location of drebrin A
ot the actin floments, seleasing the actomyosin inteeaction

suppressed by deebrin A Consequently mvosin 1 ATPase s
activated in dendritie spines. Thus novosin I AT Pase activation by
an actinebinked mechanism may be ‘an underdving molecular
mechanism oy the DA-actin exodus.
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Furthermore, the present dara shones dhar the DA-actin exodisg
pecurs tmediarly after oLTP stmuolagon, The activation of
myosin 11 A TPase by an actin-linked mechanism oceuss within 21
ms after stmutatinn [37]. Thus the mwosine 1 mediaced DA-actin
exodus mighe be an nddal even b KTP induetdon, siggering actin
pobymerization and spine enlargement.

Role of DA-actin re-entry into dendritic spines

P A-actin ve-enrey Follows the DA-actn exndus, In the presen
stugly we found thar the L'EP-induced DiA-actin exodas wiggers B
actin polymerizatdon and spine enlargemens. The DA-actin re-
entry may be velared w mamenance of LTP. After the DA-acrin
ve-entry, the dynamic ancd stable Feacrin pools are probably
reestablished in the dendritic spines. Ax a resul, polymerization
and depolymerizarion of Feactn is balanced in dendritic spines
and the enfarged spine morphology s maintained $Fig. S8 Inther,
tong lasdng increases in Factn and drebrin coment in dendritie
spines have been repoeted when LTP s maincaived & oo [38].

What are the Lmd(’rlving mechanisms of DA-crn so-eneey?
Reduction of the Ca®™ influx inmo dendrite spines might iduce
the DA-actin re-enry, becanse the basal aconmularion of DA-actin
is nogatively regulated by Ca™ influx throngh NMEA receptors
and voltage ~¢iep«*ndmt Ca”™ channels in pesting spines. Another
possible mechanism 15 a signaling cascade lnked o AMPA
receprors. TP stmmlation & kaown o inceease the AMPA
recepror densiry in deadeitic spines (58], Broause AMPA proopor
vivy faeilitares accunatation of DA-actin in the dendritic spines
of mmanure nearons [17], AMPA receprors mighe alsn be
involved in the DA-actn re-oniry i msmee neurons.

Supporting Information

Figure 81 Effects of glutamare sdmulation on the
density of spines and presypaptic terminals, & Dil

staining of hippocarapal neurons. Fixed culmees oncoy
bathed in PBS and placed on the stage of an
microscope. Individual cells were stained with 1,17«
4,3.%7. 3 terramethylindocarbocyanine perchlovate {13
lar Probes, Inc., Engens, ORY The IH] was disso
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el phqw

coverslips were then placed ar room wmperine
dishies containing PBS. After 12-24 b,y hnE
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pancls are shown at higher magnificarion in oiddle
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ghamare, .82:20.02 pm, n =44 deadrites, p<0.01, Student’s ¢
resth, (B Tripte-labeled images of drebrin, F-actn and synapsin 1
in hippocampal neorons. Seale bars, 10 wme (G Bar graphs
represent the density of synapsin 1 cluseers. Syoapsin T cluster
density was messuretd according o previoushy described merthals
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{Fakahashi et al, 2009 No sigmifieant differences tn the densiey of
synapsin 1 chsters were  detected  bevwern conteol  {n =350
dendrites) and plutarnate-stmulated nenrons o= MY dendrires;
= 86, Student’s © rest), Dara ave presented as mean & seom.
(T

Figure 82 Model for architectural changes in the actin
eytoskeleton during LTP formation. (A Dindritic spines in
the resting state contain a dvnarnic Feactin pool joon-D Avarting ar
the tip of the spine head, and a stable pool {DA-acting in the base
of the spine head, Although dhe dynamic Factin pool shoss guick
weadmilling, pobvmerization and depolymerizarion of Foerin &
balanced, conseguently waintining spive vrphobogoe. (B3 Choee
U™ onters theomgh NMDA recoprors, & activares mvosin [
ATPase through disinhibition of the DA-actin and mynsin-ll
interartion. Consequently 1D%-actin exits the dendritic spine head
aned simultaneously monomeric actin refills the vacans space in the
spine head., Both these changes cooperate to facllitate  the
polymerization  of non-DA-actin, which i the predominane
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 Discovery of a Tamoxifen-Related Compound that Suppresses Glial
. L-Glutamate Transport Activity without Interaction with Estrogen
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ABSTRACT: We recently found that tamoxifen suppresses L-glutamate
transport activity of cultured astrocytes. Here, in an attempt to separate
the L-glutamate transporter-inhibitory activity from the estrogen
receptor-mediated genomic effects, we synthesized several compounds
structurally related to tamoxifen. Among them, we identified two
compounds, 1 (YAKO1) and 3 (YAKO037), which potently inhibited
L-glutamate transporter activity. The inhibitory effect of 1 was found to
be mediated through estrogen receptors and the mitogen-activated
protein kinase (MAPK)/phosphatidylinositol 3-kinase (PI3K) pathway,
though 1 showed greatly reduced transactivation activity compared with
that of 17f-estradiol. On the other hand, compound 3 exerted its

Astrocytes
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inhibitory effect through an estrogen receptor-independent and MAPK-independent, but PI3K-dependent pathway, and showed
no transactivation activity. Compound 3 may represent a new platform for developing novel L-glutamate transporter inhibitors

with higher brain transfer rates and reduced adverse effects.

1-Glutamate (1-Glu) is one of the major excitatory neuro-
transmitters in the central nervous system (CNS), but high
concentrations of extracellular L-Glu cause excessive stimulation
of 1-Glu receptors in the CNS, leading to neurotoxicity."?

30 Astrocyte L-Glu transporters are the only machinery available to
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remove L-Glu from extracellular fluid and to maintain a low and
nontoxic concentration of 1-Glu.®> Consequently, dysfunction of
astrocyte L-Glu transporters is considered to be implicated in
the pathology of neurodegenerative conditions. Therefore,
exogenous compounds that can regulate the function of L-Glu
transporters may provide chemical tools to investigate the
regulatory mechanisms of these transporters at the molecular
level, and would also be candidate therapeutic agents.

There is growing evidence that estrogen receptor (ER) a,
which is a nuclear ER (nER) that mediates genomic effects, can
also be translocated to plasma membranes and mediate acute
nongenomic effects in some cases. We have clarified that 174-
estradiol (E2) inhibits L-Glu transporters via a nongenomic
pathway involving membrane-associated ERa (mERa).?
Tamoxifen (Tam), a synthetic estrogen analogue that is
clinically used in the treatment of breast cancer to block the
proliferative action of estrogens,® also inhibited astrocyte L-Glu
transporters at picomolar concentration, probably through the
same nongenomic pathway as E2. Because overexpression of
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91

astrocyte L-Glu transporters is often associated with neuro-
psychiatric disorders,” inhibitors of 1-Glu transporters may be
clinically useful to ameliorate these disorders.® However, Tam
also acts on genomic pathways involving nuclear estrogen
receptors (nERs) a and f, depending on the cell type and
promoter context,” and so may cause adverse effects including

endometrial changes, depression and weight gain.'”'! There-
8 P ght g :

fore, Tam-inspired compounds that retain the inhibitory effect
on L-Glu transporters, but lack the nER-mediated genomic
effects, would be useful tools for biological research, as well as
candidate therapeutic agents. i

Tam is a tetrasubstituted triphenylethylene derivative, in
which the four substituents on the olefinic carbon atoms are
different. This structural complexity makes the stereospecific
synthesis of Tam-related derivatives difficult. We thus focused
on Tam-inspired compounds bearing identical substituents on
at least one of the olefinic carbon atoms.'” It is well-known that
the N,N-dimethylaminoethyl substituent on the phenolic
oxygen atom and the regiochemistry of the tetrasubstituted
olefin of Tam are crucial for ER binding activity."* So, we
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70 considered that more symmetrical derivatives of Tam might

71 show reduced ER-binding ability.

72 Among our synthesized compounds, we found two,
73 compounds 1 (YAKO1) and 3 (YAK037), with potent L-Glu
74 transporter-inhibitory activity. Studies of their mechanisms of
75 action indicated that, unlike Tam, compound 3 acts through an
76 ER-independent and MAPK-independent, but PI3K-dependent
77 pathway and shows no transactivation activity for nERs. We
78 believe this compound may represent a new platform for
79 developing novel L-Glu transporter inhibitors with higher brain
80 transfer rates and reduced adverse effects.

s1 l RESULTS AND DISCUSSION

82 We synthesized several Tam-inspired compounds bearing
83 identical substituents on one carbon atom of the olefin,"* and
84 found that two of them were potent inhibitors of astrocyte
85 L-Glu transporters. The diethyl-substituted derivative 1 inhibited
86 L-Glu transporters in the picomolar range (62.7 + 7.48% of
87 control at 1 pM; Figure 2A). The dose—response curve for the
88 inhibitory activity was not linear, but followed an inverted
89 U-shaped curve; however, such a non-monotonic dose depend-
90 ence is rather common for hormones and their mimetics."\On
91 the other hand, when the symmetrical substituent was changed
92 from ethyl to benzyl (2), the inhibitory effect was lost (Figure 2B).
93 However, when the phenolic oxygen atom of 1 was substituted
94 with a N,N-dimethylaminoethyl group (Figure 1C), we found

Tamoxifen {Tam)
A B
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)

I

. Y
/ i,
e =N
HCE Q\_?/
={
\_7/ ~ \ 7/
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Figure 1. Chemical structures of the newly synthesized tamoxifen-
related compounds.

95 that the resulting compound 3 showed dose-dependent L-Glu
96 transporter inhibition in the picomolar range (63.8 + 5.49% of
97 control at 1 pM; Figure 2C). The dose-dependency of the
og effect of 3 suggested that the underlying mechanism might be
g9 different from that in the case of 1. Compound 4 was inactive
100 (Figure 2D).

92

We next examined the effects of 1 and 3 on cell viability by 101
means of MTT reduction assay and LDH leakage assay, using 102
the same cultured sample. Neither of the compounds was cyto- 103
toxic at concentrations below 1 uM (Figure 3), though 100 uM 104
1 and 10 4M 3 caused severe cell damage. These results exclude 105
the possibility that the L-Glu clearance-inhibitory effects of 106
these compounds at concentrations below 1 M were caused 107
by cell damage. 108

In order to confirm the involvement of L-Glu transporters in 109
the inhibition of L-Glu uptake by our compounds, and to rule
out the possibility that 1 and 3 act by inducing L-Glu release 111
from astrocytes, we next examined the effect of 1 and 3 on 112
L-Glu clearance when the L-Glu transporter activity was blocked
with TBOA, a potent nonselective L-Glu transporter inhibitor 114
(ICqy: 48 M for GLAST/EAAT1, 7 uM for GLT1/EAAT2). 115
We confirmed that application of 1 mM TBOA potently
inhibited 1-Glu transporter activity; that is, TBOA caused
reversible chemical knock-down of 1-Glu transporter activity.” 118
When either 1 or 3 was coapplied with 1 mM TBOA, these
compounds no longer influenced L-Glu clearance (Figure 4),
indicating that the actions of these compounds are indeed
mediated by L-Glu transporters, and do not involve L-Glu 122
release from astrocytes.

Our cultured astrocytes predominantly expressed ERa, and 124
little or no expression of ERB was detected.® Tam is known to
be a partial agonist of ERs,” raising the possibility that the 126
compounds exerted their inhibitory effects via interaction with 127
ERa. Therefore, we examined the involvement of ERa by
coapplication of ICI182,780, a high-affinity antagonist of ERs.
ICI182,780 dose-dependently blocked the inhibition of 1-Glu
uptake caused by 1 (Figure SA) at 0.01, 0.1, and 1 M, at which 131
the effects of Tam were reported to be completely suppressed.” 132
In contrast, ICI182,780 had no effect on the inhibition by 3 133
(Figure SB), suggesting that the mechanism of the inhibition by 134
3 is independent of ERs. We further examined the signal 135
transduction pathways mediating the effects of 1 and 3. When
coapplied with U0126, which inhibits mitogen-activated protein 137
kinase/extracellular signal-regulated kinase 1 (MEK1, ICS0: 70 nM) 138
and MEK2 (ICSO: 60 nM), the inhibitory effect by 1 was
blocked, whereas that of 3 was not (Figure 6A). On the other 140
hand, when coapplied with LY294002, a specific phosphoinosi-
tide 3-kinase (PI3K) inhibitor (IC50: 70 nM), the inhibitory
effects of both compounds were completely blocked (Figure 6B).
These results suggest that PI3K is a common mediator of the
effects of both compounds, whereas mitogen-activated protein 145
kinase (MAPK) is involved only in the mechanism of inhibition
by 1.

Finally we examined the ER-agonist potency of 1 and 3, i.e,, 148
the transcriptional effects of these compounds via human ERa
and ERp, using HEK293/hERa and HEK293/hERf reporter 150
cells (Figure 7). Compound 1 showed agonist activity in both 151
of 293/hERa and 293/hERp reporter cells, though the binding 152
affinities were much weaker than that of E2. The ECS0 values 153
of 1 for ERa and ERf are 30.8 nM and 10.4 nM, respectively
(125 nM and 0.864 nM, respectively, for E2). The relative
agonist activity of 1 was 66.8% of that of E2 in HEK293/hER«a
and 122.0% of that of E2 in HEK293/hERp. Strikingly, 3 157
showed no agonist potency for ERa or ERB. These findings
strongly suggest that 3 can inhibit L-Glu transporters without
interaction with ERs.

In this study, we examined the potential of Tam-related
compounds to inhibit GLAST/EAAT1 and GLT1/EAAT2,
which are major astrocytic L-Glu transporters in the rat
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Figure 2. Compounds 1 and 3 inhibited L-Glu clearance in cultured astrocytes. The open column shows the control clearance, and colored columns

show the clearance in the presence of various concentrations of compounds 1

Tukey’s test following ANOVA.
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Flgure 3. Effects of compounds 1 and 3 on cell viability. The results of MTT reduction and LDH leakage assays of 1 (A) and 3 (B) are shown.
*p < 0.0S, **p < 0.01 vs control group (N = 6), Tukey’s test following ANOVA.

164 forebrain. Although GLT-1 is the main regulator of synaptically
165 released L-Glu in—dve, the predominant subtype changes to
166 GLAST in cultured astrocytes, possibly owmg to the lack of
167 interaction of astrocytes with neurons.”” We confirmed that
168 GLAST is the main functional L-Glu transporter in our primary-
169 cultured astrocytes by Western blotting and pharmacological
170 experiments (data not shown), in accordance with a previous
171 report™® Therefore, the effects of the compounds observed
172 here can be interpreted as being due to modulation of GLAST
173 functional activity.

93

There is growing evidence that ERq, which is a nER that
mediates genomic effects, can also be translocated to plasma
membranes and mediate acute nongenomic effects in some
cases. Transfection of CHO cells with nERs was reported to
result in ER expression in both nuclei and membranes.*® ERs
on the plasma membranes of tumor cells were demonstrated to
be structurally similar to nERs.* Further, mERa activated
metabotropic gutamate receptor S (mGluRS) in striatal neurons
in the CNS™ In our previous study, we clarified that the
predominant ER subtype in cultured astrocytes was ERa, and
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184 estrogens (such as E2 and Tam) inhibited 1-Glu transporter 2 . 2 P
185 activity via the activation of mERa.® We found that the effects 2 3
186 of 1 were blocked by ICI182,780, suggesting an interaction of =P - Mo
187 1 with ERa. In addition, our pharmacological experiments e A g
188 showed that activation of both of MAPK and PI3K is necessary OOtV ST 61 1 SN 5T 3
R o T8 LY294002 (uM) LY284002 (uM}
189 for the L-Glu transporter-inhibitory activity of 1. There are 1

190 many reports indicating that nongenomic effects involving

191
192
193

mERq are mediated via MAPK *7** and PI3K.**** Taken
together, the effects of 1 may be mediated by mER« in a similar
manner to E2 and Tam. E2 was reported to activate MAPK via

Figure 6. Involvement of MAPK and PI3K in the L-Glu transporter-
inhibitory activity of compounds 1 (A) and 3 (B). Effects of
compounds 1 (left panels) and 3 (right panels) on 1-Glu clearance in

the presence and absence of various concentrations of U0126, an
inhibitor of MAPK/ERKs (A) or LY294002, a specific inhibitor of
PI3K (B). *P < 0.05, **p < 0.01 vs control group, #p < 0.05 vs
compound-treated group (N = 6), Tukey's test following ANOVA.

194 both PI3K-dependent and independent pathways in a single
195 neuron.™ Whether or not the same signaling pathways also
196 exist in astrocytes is not yet known. It is of interest that other
197 studies have found that estrogens also inhibit dopamine
198 transporter (DAT) through the activation of mERa.**™*

199 On the other hand, the effect of 3 was ER-independent and
200 MAPK-independent, but PI3K-dependent. Our binding assay
201 revealed that 1 binds with ERs, but 3 does not. Based on these
202 results, we propose that the mechanisms of the L-Glu

A

@

transporter-inhibitory effects of 1 and 3 are different, as 203
illustrated in Figure 8. The effect of 3 was possibly mediated by 204
GPR30, a newly found ER, which is suggested to mediate the 205
rapid nongenomic effects of estrogens.*™* In the case of 206
GPR30, ICI182,780 acts as agonist, leading to activation of 207
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