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Myosin Il ATPase Activity Mediates the Long-Term
Potentiation-Induced Exodus of Stable F-Actin Bound by
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Abstract

The neuronal actin-binding protein drebrin A forms a stable structure with F-actin in dendritic spines. NMDA receptor
activation causes an exodus of F-actin bound by drebrin A (DA-actin) from dendritic spines, suggesting a pivotal role for DA-
actin exodus in synaptic piasticity We quantitatively assessed the extent of DA-actin localization to spines using the spine-
dendrite ratio of drebrin A in cultured hippocampal neurons, and found that (1) chemical long-term ponenﬁation (LTP)
stimulation induces rapid DA-actin exodus and subsequent DA-actin re-entry in dendritic spines, (2) Ca®* influx through
NMDA receptors regulates the exodus and the basal accumulation of DA-actin, and (3) the DA-actin exodus is blocked by
myosin [l ATPase inhibitor, but is not blocked by myosin light chain kinase (MLCK)} or Rho-associated kinase (ROCK)
inhibitors, These results indicate that myosin Il mediates the interaction between NMDA receptor activation and DA-actin
exodus in LTP induction. Furthermore, myosin Il seems to be activated by a rapid actin-linked mechanism rather than slow
MLC phosphorylation. Thus the myosin-ll mediated DA-actin exodus might be an initial event in LTP induction, triggering
actin polymerization and spine enlargement.
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Introduction actin suggest that DA-actin is a major compuosient of the siable J-
actin pool in dendritic spines, whereas F-actin thar is not bound by
drebrin A (non-DA-actin is a major component of the. dwumn F-
actin pool {for review, see Shiran and (nmmhhlmlrmlt {12]
We have previously shown that NMDA rec cptm activation
induces the lass of drebrin A from dendritic spines-[13]. Becayse
our previous hiochemical analyses revealed thar mose drebrin A in
neurons is bound to F-acen {for a review, see Se Linu et al. [14]), we
can extrapalate DA-actin Iocalization from drebrin irtrunostain:
ing images. Furthermore, fluoréscence recovery after phatobleach-
ing analysis has demonstrated that drebrin A dynamics i spines
are far slower than those of monomeric pn.‘m"im smch  as
monomeric actin [15] and cortactin |16, indicating thar drebrin
A remains bound to F-actin even when drebrinA dynamically
changes its localization [17]. Together, it i suggeseed that NMDA
receptor activation induces the DA-actin exodus from dendritic
spines. However, the mechanism by which NMDA recepror
activation links to the DA-actin exodus remains to be elucidared.
It has recently been reported that myosin 1T ATPase activity is
necessary for actin reorganization during long-term potentiation
(L'T'P) induction [18]. We have previously shown that myosin H i

Drebrin A is a nearon-specific actin-binding protein that is
lorated at the base of dendritic spine heads [1-3]. Drebrin A
binding modifies the pitch of actin filaments [4-5] and forms
stable F-actin that is resistant to depolymerization by cytochalasin
D [6-7]. Mikati e¢ a! [8] have recently shown that Feactin that is
bound by drebrin A {DA-actin} is stable, and the depolymerization
of DA-actin s suppressed ar both ends of the filaments. In
developing neurons, DA-actin & not observed in dynamic
dendritic filopodia, but is observed in more stable dendric spines
[9]. Fusthermore, DA-actin is suitable for the formation of a stable
higher-oader  Foactin  soucture  (DA-actin complex),  because
drebrink A has two  Feacin-binding domains thar can  act
cooperatively to enable interfilament interactions [10]. Together,
it i suggrested that DA~actin forms stable strucrures of Fractin at
the hase of dendritic spine heads.

Dendritic spines at rest contain a dynamic F-actin pool that
shows quick treadmilling, and a stable pool that shows slow
treadmilling. The dynamic pool is observed ar the tip of the spine
head, whereas the stable pool is located at the base of the spine
head {11]. The aforementioned stability and localization of DA-

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e85367

81



contained i the DA-acdn comples [T9, bar the inreraction
between myosin I and DA-actin & suppressed in the Ddeactin
complex [20]. The release of the actomyosin ntesaction leads o
the activation of wasin I ATPase, resulting In peovganizarion of
the actin ovinskeleton theough severing of Feacrin [21] Thervefoes,
LFP stivmlation might disinhibit the suppressed acoomyeosin
interaction, resulting in the activarion of mvosin 1 A'TPase.

In this stucdy, we guantitatvely assessed the extent mowhich DA-
actin localizes m derdritie spines, clarified DA-actin migeation o
the context of synapric plasticity and examined whether wyosia 1
mediates the interaction between NMIIA vecepror activation and
D3A-actin exodus.

Materials and Methods

All animal experimenes were perdtrned with the permission of
the Animal Care and Experimentarion Committes, Gunma
University, Showa Campus {(Machashi, Japani All efforrss were
made o minimize animal suffering and eeduee the number of
animals wsed in this smdy.

Reagents

{ﬂmm{)p\amhnr A-APY mod pyravare were puec
Sigmaa (St Loaks, MO, USA)L Hexalvwdro-1-]{5- mdw»lwmphth;dv-
mﬂ mlfumi] -1 H-1 d-diamepine bodvochloeide LT aned (83045~

2-Merhyl - {dometheeb-Sedsoouinnling uifnnyl]—hm{ahyd'm«»1H~
L-diazepine dibvdrochloride (H-1152) were purchased from
Calbiochem Ban Diego, GA, US Erbvleneglveol-dis (-
aminocthel FNON N, W - perrancetie acid (BGTAY was purchased
feom Dojin (Komamor,  Japant. Tewrodotoxin (TN
purchased feorm Wako {Osaka, Japani D —~5-2-amino-5- phmpim«
nopentanoic acid (APVY, bivucalline, {83 —blebbistatin,
bleblistarin, thapsigargin and aifedipine wers pmcha&vd tmm
Toeris (Fllsville, MO, USA)

SR

Hippocampal neuron cultures

Timed pregnant Wiste rars [Charles River Laboratories bac.,
Yokohama, Japan)were deeply anesthetized with diethwl ether and
sacrificed by decapitation. Hippocampt were disseererd feom the
feruses  ar embryonic day 18, The hippocampal cells  were
prepared by wypsinization and mechagical dissociation acerading
o previously deseribed methods (9] Briefbe, the ool suspensions
weee plaed ar o densiy of 5000 cellsfem® on soverslips soarerd
with poly-Lebysine (Sigmal Cells were & i Mlindmam
Essential Medinom MEM; Isdreogen, San I)qu A, TIBA]
supplemented with 10% fetal hovine serum {havirrogen), 4
glucose (Wake), and 1 mM pyruvare Sigrom). After the cells
achieved artachment, the voserslips were teansfereed to a colmee
dish containing a glial monolayver and mainmimﬂ i normial
mediom consisting of seranefeee BIEM, 2% BZ7 supplement
fnvitrngen), 0.6% plucose, and 1 mdl mdmm prvruvate as 35.8°C
in o homidified incobuaror with 5% GO for 21 davs ot
Cyinsine B-D-arabinofuranoside (10 @M Sigma) was added o the
culares at 4 DIV o inhibic glial proliferation.

Pharmacological treatments

The 1&1(‘\'\1;(»1} LAP TP sioomlarion solution wsed o chis
stucky was Mg -free Tyrode’s solution supplemented with 200 pM
plveine, 20 M bicucolline, T oM stevchwuine and (0.5 M TEX
[22]. For eL/TP induction, the neurons were prefocubated in ol TP
srinubation solution withour 200 M glyeine for 20 min, and then
stimulated with glveine for the indicaved ampune of time.

For blocker experiments, the seurons were preincubarerd in
wedium  supplemenred with blocker for 30 min and  then
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st lated with cLTP stmularion solation or 10 @M glotmane
i the presence of vach blocker fe the indieared amoune of tinge.
For the stimualation svadies swith 90 mM praassiom chlovide, the
wewrons were prelnoabared in Deeede’s sobaroae (18 M NaClL
25 mdd KOL 2 mdd CaCly, 2 md MpSC,, 25 md HEPES
I 7., and 80w glaensel.

Irmmunocytochemistry

After thvee weeks o owen, vells were fixed in 4% parvafrmal
debwle with 0.1% ghiraraldebivde in phosphate-huffored saline
(PBS, pH 740w 4°C fiw W0 min. The fixed colls werre
permeabilized with 001% Triton X-1H in PBS fiw 3 min and
then ineubared in blocking solution 3% bovine seram albumin in
FBS e 1 h, folloswed by an overnight incubation with primary
antihndies at 470 A monoclonal andbody againg deebwin {clone
M2PG, hvbeidorma supernatant [23] was used ar a1 diludon. Fs
actin was deteered with rhosdamine-conjugpated phatloidio (Maolee-
nhar Probes, Eogene, OR, USAL After heing washod with PRS for
S min, the eells weee incabated B 1 h anroom temperarare with
serondary antibodies. Avmonse Tgl antibodies conjugated o

flaneeseein (Cappel, Wesr Choster, PAL LISA) were userd eo deteee
e monnclonal atibod against deebwin, After being washed

with PBS, the cells weee nmnunred on glass slides with Peroaa Floor
vewrering medinm (Thermo Shandon, Piosbargh, PA, TS

Labeling of surfioe GIuR 1 was performed according v precions
eeprorrs 22,24 with minor moditications, Brietly, afier the <LTP
st farion, sarfaer GaR T was labeled in Hve neavons by 30 min
ineubaricn with a rabbis podydfonal andbeely againge the N-
wreminus of the GluBRl subueis (PO246, 115 difotion in olial
eovuditioned media; Calbdochem) Alter washour of the antibody
with Hank's balaneed salt solotion, the nearons wees tixed in 2
PEA for 20min ar 4°C withour peemeabilizavion. The surface
receprons woere visualized vsing o fuoresceln-conjugared goar ant-
rabbit seconvlary aatihedy {Cappael’,

Fluorescence microscopy

All fluorescence images weee obtadoed on o Zeiss Axioplan 2
micposcopr (Geiss, Jena, Germaire) equipped with a Cool "nmp tx
OO cmmeea ’}’hmmrmwm;, Tucson, AL, USA) a 65
nurnerical  apermre ol eiss), and N
software (Universal Imaging, Wese Chester, PA, USAL A filter

sor (BEHHY Sedar Csasly Chieema, Braodeboro, WV, USAY was
menreterd fn ot excitarion mwl emission fileer  wheels (Larlt
Electromic Producrs, Hawthorne, NY, USAY of the miceoscope.

A data weere collpeted ar TR 030 pesobation ar 12 bis/pixel.
A single pixel in the image corsesponded 1o a 106 nm® avea in rhe
specimen plane. The images wsed froe compardson in this soady
woere vollected under tdeatical condidgons. The caprared floores-
conee wages were analvaerd o the Metaddorph program. The
GEFP, rhoslarmine, and Ovd signals were sheadeed throngh filleers
foe PYTC, Owf, and Cub, vospectieely. We fhund no fluorescence
teakage of these signals dheoogh the odher filers. The images
preseated v this stady were preporod vsing Sddobe Phowoshop
software {Adobe Sysrems, San Jose, CA, U

Plasmids and Transfection

Constenerion of the geeen fuorescent protein-tagged deebrin A
(GFP-13AG has been deseribed previousty [25]0 Ac 7 IV, the
hipporampal nearons were transteoted with plasmids using a
caleiumy phosphate coprecipitation protacel [26]. Twn o wereks after
wransteorion, the wanstoered neuemng were analvzed using time-
fapee bmagiyr.
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Time-lapse imaging

Live time-lapse imaging was perfbrmed ar 35.8°C on a Zeis
mverted microscope stage using a emperamee-controlled chame
ber with continuous pm*fu stom, as described previousty 7). Brwﬂy‘,
the cell cultures were mounted in a chamber containing ‘\ziq “ofree
Tyrodle’s solution supplemented with 20 pM bicoculling, 1 uM
steyehinine and 0.5 pb TEXD The chamber was maintained and
perfiused with the samie solution. The perfusing solution {1 mi/
i) was switched bevween the comeal and cLTP stimuolation
medion using a hyidraulic nweeway valve swich with a dead space
of 3.5 ml berseen the switch and the bath. Thus, the test medium
wonld reach the chamber 210 see after flipping the swirch {data
not shown). The dme-lapse images were acguived ar 10 sec
ntervals for 20 min using Metdlomph software,

Image analysis and quantification

All quamifications were performed by an observer who was
blingd to the experimental conditdons, and the morphological
analysis was perfiemed using the MewMorph sofiware. Fach
experiment was vepeated ar least three tmes with independent
neuronal preparations.

For quantification, spiny neurons with pyramidal morphology
were selected Bom ar least three cultures. In our
hippocampal caltures, we have previously shown that pyramidal
neprons are multipolar cells with a large soma and multiple thick
dendrivic processes [27]. Therefore, we considered that these
wltipolar cetls were hippocampal pyramidal neurons. Although
the hippocampal colture also contains a variery of interneurons,
they are comparatively few in number and most are morpholog-
ieally distinguishable in calwre (28]

Atparate

Fo measure the surface cluster density of GlaR 1, the number of

GluR 1 clusters was measured according to provicusly desevibed
methods [24.29) with minor modifications. Briefly, the surtace
GluR1 signals were theesholded with fpensity ar owo-fold the
dendritic background o mark surface clusters of GluR1 using
f\“Imai‘ﬂm'ph software. The surfaee clusters were selected using the
regions” ol and analveed nsing the “integrared morphomerry”
feature. Next, the lenggh of the analvzed region on a dendrite was
measused. The densicy of surface GluR 1 clusters were obrained by
dividding the number of sarface GluR 1 clusters within a selecred
dendritic region by the length of the dendyite (30-100 pi rotal
dendride lengeh per nearon),

Calculation of the spine-dendrite ratio
The spine-dendrite vacio (SIIR) used in this study was the
average fluorescence signal of the melecule of interest in a

dendritic spine head divided by the average fluprescence signal off

that molecule in the dendritic shaft at the foor of the spine. To
measuee the SR, a single dendeive lncared broween the coll soma
aryd the seeond branch poia (S0-80 pum wotal dendeitic length per
neupon was selevied from each nearon. The dendritic spines angd
the shaft in the selected vepion were outlined on the Feactin
iages, awd ciedles {026 um®l wers drawn a
s and ar the foor of the spine in a dendridc
shaft, vsing the ‘ellipse veplon” ool of the MemMorph software
Fige LAY Newt, the average fuorescence inmensity in each circle
fealeatared] feom the fuorescence simal intensity values) was
measured wsing the ‘region measurements” wol in the MetaMorph
software. The number of spines measured were bevween 25 and 80
per neuron. The average SDR of spines per neuron was then
calenlated. The drebrin immunostaining and rhodamine-phalloi-
din signal intensity values were used o calenlate the drebrin and I~
actin STIRs, vespectively.
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Statistical analysis

The statisrical analysis includerd a one-way ANOVA followed by
a post hoo Schefte’s test. A Student’s ¢ vest was perfarmed for
comparisons beoween comteol and dragareated neurons. All data
were presenterd as mwean £ sem, A povdoe of <001 was
eonsidered significant. The staistical analysis was perfoemed using
Microsolt Exeol (Redmaond, WA, USA).

Results

Quantitative assessment of DA-actin in dendritic spines
We used the spine-dendrite satio (SIR) of deebrin imouno-
staining intensity w moniror the ameunts of Ddeactin in dendeitic
spines. We nsed the SDR of rhodamine-phalloidin staining
intensity to assess the ameunt of weal Fractin, The SR used in
this study is the average fhorescence signal of the molecule of
interest in a dendritic spine head divided by the average
fluovescence signal of thae molecule in the dendritic shait ar the
foot of the spine Fig. 1AL The drebrin S of conenl cultured
hippocampal nearons ar 21 davs @ st IMVY was 1632003
(n= 170 cellsh, whereas the aetin SR was 1672002 =170
cells; Fig, 1B}, demoenstrating that both DA-actin and wial Fractin
aceumulae more in the dendritic spines than the pavent dendrites,

Chemical LTP stimulation induces a transient DA-actin
exodus

Sumulation with chemical LFP LLTP) solution for 3 min
induced a significant incvease In the glaramare recepie subnis |
(GlaR 1) clusier densiny 30 min afier weatmene (Fig 23 This
increase was inhibited with 50 M 2amino-S-phosphonopentano-
are APV an NMDA vecepror blocker i, 20 These data ase
consistent with an eative stady shoswing fellitared insertion of -
amino-3-ydrocy-S-methyl-d-lsoxaenlepropinnic add (AMPA) pe-
ceprors during oLFP 22],

We examined whether cLTP stmudarion would induce 1A-
actin w exit dendritie spines. At 5 min after ¢l EP stimulation, the
inpensity of drebrin imnumostaining in dendride spines was weak,
bt after 30 min the buensiey was sinilar o char in unteeated colls
{Fig. 3A) Quanritative analysis showed that bath drebrin and actin
SDIRs were significantly lower ard min bur recovered after 3 min
{Fag, 3B

To analyre the tme course of the DA-actin mvigration, we
wansfected a GFPudrebring A-espressing vector inte culoared
hippocampal newrons awd performed dme-lapse imaging. The
GEFP-drebrin A SDR was reansiently decreased following ¢LTP
stinudarion, similar o thar of the padve deebrin A Fig. 3C The
GEP-drebrin A SDR began w decrpase immediarely afier the
neurons were exposed o cL TP soludon farrowe i Fige 5100 and
then further declined dwonghour the period of sdmulation. When
the stivmlation medivm was swinched back to conteod mediogy, the
SDR began o rise and rerurned o the comrol Level in ll min
after the completion of ¢lTP stimulation {Fig RN

cLTP-induced DA-actin exodus is dependent on myosm ]
activity

Newrons were pretreatesd with 10D pdM 8 -—‘}-bh%l‘»l‘»ésmtm
falil, the active form of blebbistating, a myosin 11 ATPase blocker,
for 30 min [50]. In the presence of aBL, oL TP stimularion did noc
affect the localizatinn of cither drebrin or actin in dendritic spines
{photomicrographs in Fiy 41, and failed o decrease the dechrin
and actin SDRs (0= 50 cells; p 0037 for dechrin SDR ar 5 min,
L34 for actin SDR; Stadent's ¢ rest; graphs in Mg 4). This
vesult indicares thar myosin 1 activity i involeed i the DA-actin
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Figure 1. Spine-dendrite ratios of drebrin and actin. (A} Fluorescence images of drebrin igreen) and F-actin {red) in control hippocampal
neurons. The dendritic spines and the parent dendrite in the selected region were owtlined on the Factin fluorescence images (white dotted lines).
Scale bar, 2 um. Circles (026 pm”, yellow) were drawn at the spine head and at the parent dendrite, and the average fluorescence intensities within
the circles were measured. The SDR of each spine was obtained by dividing the awerage intensity of the dendritic spine by that of the parent dendrite.
(B} The SDR per neuron was obtained as the average SDR of the spines. Bar graph shows the drebrin and actin SDRs of 21-DIV hippocampal neurons

{n =170 cells). Error bars represent s.e.m.
doi: 10.137 Vjournal.pone. 0085 367.g001

exodus. The mactive form of blebbistavin iBL) was used as a
control. In the presence of iBL, cLTP stimularion significantly
decreased the drebrin and actin SDRs

Various kinds of stimulation induce DA-actin exodus

We stimulated oultured hippocampal newrons with 1D pM
ghatamate for 10 min, and fixed them immediately after the
stimulation. This weatment indoced the Inss of drebrin and Feactin
from dendritic spines {photomicrographs in Fig. 3A). On the ather
hand, it did not affect the density of spines or presynaptic terminals
(Fig. $1). Quantitative analyses showed significant reductions in
both the drebrin and actin SDRs (graphs in Fig. 5A).

We then examined whether other kinds of excitatory stimula-
tion affect DA-actin localization. Increased spontancous firing
rates resulting from a 30-minute application of 30 uM bicuculline,
a GABA, receptor blocker, combined with 500 uM $-aminopyr-

A B 5%
GluRt 200 *
| s |
£ 150
=
[
=
£ 100
=
T
% s0
[}

04
Con clLTP cLTP
APV

Figure 2. Increase in surface GluR1 immunostaining after
chemical LTP (cLTP) stimulation. Neurons (21 DIV} were stimulated
with buffer containing 0 pM Mg*’, 200 uM glycing, 20 uM bicuculline,
1 uM strychnine and 0.5 uM TTX (cLTP stimulation) for 3 min. (A)
Surface GluR1 was labeled before the stimulation {top panel Con) or
30 min after the stimulation (middle panel; cLTP). Note that cLTP
stimulation remarkably increased surface GIuR1 immunastaining. The
increase was completely blocked by APV (bottom panel; cLTP APV).
Scale bar, 7 um. (B) Quantitative analysis of surface GluR1 cluster
density along dendrites. Data are expressed as percentages relative to
the average of control neurons. In the absence of APV, cLTP stimulation
significantly increased the density of surface GIUR1 clusters (n =21 cells;
p<001, Scheffe's test). In contrast, in the presence of APY, no increase
in surface GluR1 duster density was observed following cLTP
stimulation {cLTP APV). Error bars represent s.e.m.

doi:10.137 1/journal.pone. 0085367 .g002
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idine, a potassiom channel blocker [31], induced a oss of drebrin
and Factin from dendritic spines (phatomiceographs in Fig. 5B). A
similar induced by membrane
resulting from a S-minute application of 90 mM KCI [phoromi-
crographs i Fig. 50 Quantitative analyses showed that hoth
treamments sipnificantdy deareased the deebrin and actin SDRs
{graphs in Fig. 5B, €} These dara indicate thar in addition to
cL'TP stimulation, various kinds of excitarory stimulation indoce a
DA-actin exodus.

derrease  was depolarization

Localization of DA-actin and non-DA-actin is differentially
regulated by glutamate receptor subtypes

We examined the effect of APV on DA-actin and weal F-actin
levels in dendritic spines. In the presence of 50 pM APV, drebrin
and F-actin were localized at dendritic spines, and this localizarion
was not changed by plutamate stimularion {photomicrographs in
Fig. 6A).

However, quantitadve analvsis showed that the treatment of
newrons with APV for 30 min resulted in sipnificant increases in
both drebrin and actin SDRs refative o controfs, Interestingly,
the increase in actin SDR {ea. 150% of control) & smaller than
that of the drebrin SDR (ca. 180% of contenl; Fig. 6A). This
imdirates that NMDA  receptor  activiey  affeces the  basal
accumulation level of DA-actin in dendritic spines more serongly
than thar of non-DA-actin. I non-DA-actin s nor ar all affecred
by APV, the above dara suggese thar about 4% of total F-actin
is Did-actin. Furthermore, in the presence of APV, pluramate
stimulation failed to decrease the deebrin SDR bur did decrease
the actin SDR {Fig. 6A). The disparity benween drebrin and actin
SDRs indicates thar glatamate stimulation deceeases the non-
DA-actin even in the presence of APV.

Together, it & suggested that the NMDA recepror mediates
both the plaramate-induced  DAvactin exodus and the basal
accurmulation of DA-actin in dendriric spines, whereas platamate
recepror subtypes other than the NMDA receptor, such as AMPA
or metabotropic ghitamare veceprors, mediate the non-DA-actin
exodis.

The DA-actin exodus is not regulated by voltage-
dependent Ca®* channels or intraceflular Ca®* stores
Because NMDA recepror activation leads o Ca™ influx, we
examined whether Ca™ regulates the DA-actin diswibution.
When exmracellular Ca™ was chelared by 20 mM ethylene ghyeol
tetraacetic acid (FGTA) the Incalization parern of drebrin and F-
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