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Actin Tyrosine-53-Phosphorylation in Neuronal Maturation
and Synaptic Plasticity
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Rapid reorganization and stabilization of the actin cytoskeleton in dendritic spines enables cellular processes underlying learning, such
as long-term potentiation (LTP). Dendritic spines are enriched in exceptionally short and dynamic actin filaments, but the studies so far
have notrevealed the molecular mechanisms underlying the high actin dynamics in dendritic spines. Here, we show that actin in dendritic
spines is dynamically phosphorylated at tyrosine-53 (Y53) in rat hippocampal and cortical neurons. Our findings show that actin
phosphorylation increases the turnover rate of actin filaments and promotes the short-term dynamics of dendritic spines. During
neuronal maturation, actin phosphorylation peaks at the first weeks of morphogenesis, when dendritic spines form, and the amount of
Y53-phosphorylated actin decreases when spines mature and stabilize. Induction of LTP transiently increases the amount of phosphor-
ylated actin and LTP induction is deficient in neurons expressing mutant actin that mimics phosphorylation. Actin phosphorylation
provides a molecular mechanism to maintain the high actin dynamics in dendritic spines during neuronal development and to induce fast
reorganization of the actin cytoskeleton in synaptic plasticity. In turn, dephosphorylation of actin is required for the stabilization of actin
filaments that is necessary for proper dendritic spine maturation and LTP maintenance.
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Dendritic spines are small protrusions from neuronal dendrites where the postsynaptic components of most excitatory synapses
reside. Precise control of dendritic spine morphology and density is critical for normal brain function. Accordingly, aberrant spine
morphology is linked to many neurological diseases. The actin cytoskeleton is a structural element underlying the proper mor-
phology of dendritic spines. Therefore, defects in the regulation of the actin cytoskeleton in neurons have been implicated in
neurological diseases. Here, we revealed a novel mechanism for regulating neuronal actin cytoskeleton that explains the specific
organization and dynamics of actin in spines. The better we understand the regulation of the dendritic spine morphology, the
better we understand what goes wrong in neurological diseases. j

ignificance Statement

mostly have a spherical head and a thin narrow neck. Synaptic
activity is translated into structural changes in dendritic spines
(Yuste and Bonhoeffer, 2001), so spines offer a means to regulate
synaptic signaling on a synapse-by-synapse basis. Accordingly,
aberrant spine morphology is linked to many neurological dis-
eases (Fiala et al., 2002; Penzes et al., 2011). Spines are highly

Introduction
The majority of excitatory synapses in the CNS exist on dendritic
spines. Dendritic spines are found in varying sizes and shapes, but
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enriched in actin filaments (F-actin) and dynamic modulation of
the actin cytoskeleton is crucial for controlling, not only spine
formation and elimination, but also the synapse-activation-
induced morphological and structural changes in dendritic
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spines (Okamoto et al., 2004; Honkura et al., 2008; Bosch et al.,
2014). The structure and dynamics of the actin cytoskeleton are
under tight control of regulatory machineries that operate in a
temporally and spatially controlled manner.

Actin filaments in dendritic spines are exceptionally short and
dynamic (Star et al., 2002; Honkura et al., 2008; Hotulainen et al.,
2009; Frost et al., 2010; Korobova and Svitkina, 2010). Although
we and others have studied the functions of numerous actin-
binding proteins systematically in dendritic spines (Hotulainen
and Hoogenraad, 2010; Bellot et al., 2014), actin-binding pro-
teins seem not to provide a sufficient explanation for the specific
organization of actin in spines. Furthermore, cellular processes
underlying learning, such as long-term potentiation (LTP), re-
quire rapid reorganization and stabilization of the actin cytoskel-
eton (Honkura et al., 2008; Bosch et al., 2014). However, the
molecular mechanisms underlying actin reorganization and sta-
bilization during LTP are still unclear.

Recent results show that the role of posttranslational modifi-
cations in actin regulation is more important than previously
thought (Terman and Kashina, 2013). Terman’s group has ele-
gantly characterized Mical-induced oxidation of actin and the
cellular importance of oxidation (Hung et al., 2011). In addition
to oxidation and other redox-related modifications, actin is also
known to undergo other modifications, such as arginylation,
phosphorylation, and SUMOylation. However, the cellular im-
portance of these other modifications is poorly understood (Ter-
man and Kashina, 2013). One posttranslational modification
that in particular shows a high potential to serve as a regulator of
actin filament turnover is tyrosine-53 (Y53) phosphorylation.
Y53 is highly conserved throughout all actin sequences from var-
ious species. Y53 phosphorylation stabilizes the D-loop of actin,
which leads to a decreased affinity between actin molecules and
shortening of the filaments (Liu et al., 2006; Baek et al., 2008). In
Dictyostelium (slime mold), Y53 is dynamically phosphorylated
when Dictyostelium amoebae are subjected to stress (Schweiger
etal., 1992; Howard et al., 1993; Jungbluth et al., 1994; Jungbluth
et al,, 1995) and during development (Gauthier et al., 1997;
Kishi et al., 1998; Liu et al., 2006). Interestingly, we found that
actin is phosphorylated in the brains of mice overexpressing ty-
rosine receptor kinase B (TrkB; Semenov et al., 2006). Consider-
ing that TrkB is the main receptor for brain-derived neurotrophic
factor (BDNF) in the CNS and that BDNF/TrkB signaling is im-
portant for neuronal cell shape changes, we hypothesized that
actin phosphorylation could play a similar role in neuronal actin
regulation as in Dictyostelium. In addition, actin phosphorylation
has been detected in few other mammalian cell types (Baba et al.,
2003; Lim et al., 2004), but studies on the role of actin phosphor-
ylation in mammalian actin regulation are currently lacking.

We hypothesized that actin Y53 phosphorylation is the mo-
lecular mechanism leading to the exceptionally dynamic actin
filaments in dendritic spines in basal conditions. We further hy-
pothesized that actin phosphorylation and dephosphorylation
are molecular mechanisms that control the reorganization and
stabilization of the actin cytoskeleton in mammalian neurons
during neuronal development and LTP expression.

Materials and Methods

Neuronal cultures, fibroblast cultures, and transfections. For the primary
neuronal cultures, hippocampi or cortex was dissected from embryonic
day 18 RecHan (outbred from Wistar Han) rat fetuses of either sex and
the tissue was dissociated in 0.05% papain solution. Next, the cells were
triturated and suspended in a Ca®*/Mg?" -free HBBS medium contain-
ing 1 mm sodium pyruvate, 10 mm HEPES, pH 7.2, and 20 U/ml DNase I
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(Sigma-Aldrich). The cells were plated at a density of 100,000 cells/cov-
erslip (diameter 13 mm), coated with poly-1-lysine (0.1 mg/ml; Sigma-
Aldrich), in neurobasal medium (Invitrogen) supplemented with B-27
(Invitrogen), 1-glutamine (Invitrogen), and penicillin—streptomycin
(Lonza). Transient transfections were performed as described previously
(Hotulainen et al., 2009) on d 13 in vitro (DIV13) using Lipofectamine
2000 (Invitrogen). Before all experiments, cells were examined to verify
the presence of a dense network of neurons, ensuring the availability of a
proper synaptic network. U2 osteosarcoma (U20S) cells were main-
tained in DMEM supplemented with 10% fetal bovine serum (Hyclone),
2 mum L-glutamine (Invitrogen), and penicillin—streptomycin (Lonza).
Cells were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Twenty-four hours later, hippocam-
pal neurons or U20S cells were either imaged live or fixed in 4%
formaldehyde.

Generating specific pY53-actin antibody and immunofluorescence stain-
ing. A customized peptide CGQKDS-pY-VGDEA (corresponding to aa
48-57 in rat/mouse B-actin) was generated, two rabbits were immu-
nized, and the antibody was purified by Biogenes. For immunofluores-
cence, both primary hippocampal neurons and U20S cells were
permeabilized using 0.1% Triton X-100 in PBS. Immunofluorescence
was performed as described previously (Vartiainen et al., 2000) and the
primary pY53-actin antibody was used in a 1:50 dilution. Actin (Tyr-53)
phospho-specific antibody was purchased from ECM Biosciences and
Synapsin I antibody from Covance and used according to the manufac-
turer’s instructions. Filamentous actin was visualized using Alexa Fluor
594-phalloidin (Invitrogen).

Western blotting and the Phos-tag affinity method. For the Western
blots shown in Figure 1, A-D, DIV14 hippocampal or cortical neurons
were first treated for 15 min with or without (controls) 1 mm Na,VO, to
inhibit phosphatases. Cells were rinsed 5X with cold PBS and lysed with
lysis buffer containing 50 mm HEPES, pH 7.5, 4% SDS, 300 mm NaCl, 1
mwm EDTA, 5.5 mm DTT, and proteinase and phosphatase inhibitors
(Complete and Phospho-stop, respectively; Roche). For Phos-tag gels,
cells were lysed in lysis buffer containing 50 mm HEPES, pH 7.5, 4% SDS,
300 mm NaCl, and proteinase and phosphatase inhibitors (Complete and
Phospho-stop, respectively; Roche).

For the Western blots shown in Figure 11, freshly diluted 200 um
glycine in HBS was applied to DIV14 cortical cultures for 3 min after a 10
min incubation with the blockers TTX (0.5 uMm, Abcam), strychnine (1
M, Sigma-Aldrich), and picrotoxin (50 um, Abcam). Cells were then
washed in HBS and lysed after a 10 or 30 min incubation in HBS.

For Western blots shown in Figure 7B, CA1 of hippocampal slices were
frozen in liquid nitrogen 35 min after LTP induction and lysed as
cultured neurons. Samples were run on normal 10% SDS-PAGE gels
(Biorad) or on 8% SDS-PAGE gels containing 0.1% (w/v) SDS, 100 um
phos-tag (Wako Chemicals), and 400 um MnCl,. After the run, Phos-tag
gels were soaked in transfer buffer with 5 mm EDTA for 10 min.

Gels were blotted on a nitrocellulose or PVDF filter following standard
Western blotting protocols. Western blots were blocked using 2% BSA in
TBS. The amount of pY53-actin was compared with control lysates by
Western blot using rabbit anti-pY53-actin antibodies (homemade and
from ECM Biosciences). The total amount of actin was controlled using
mouse monoclonal AC-15 actin antibody (Sigma-Aldrich). pAkt was
detected by rabbit Phospho-Akt (Ser473; D9E) XP antibody and the total
amount of Akt by rabbit anti-Akt antibody, both from Cell Signaling
Technology.

Plasmid and virus constructs. pEGFP-N1 (GFP) and mCherry-C1
(mCherry) plasmids were purchased from Clontech Laboratories. Human
GFP-B-actin (Dopie et al., 2012) and mCherry--actin plasmids were gifts
from Maria Vartiainen (University of Helsinki, Finland) and Martin Béhler
(Westfalian Wilhelms-University, Miinster, Germany), respectively. SAP97-
mCherry was a gift from Lotta von Ossowski and Kari Keindnen (University
of Helsinki, Finland; Saarikangas et al., 2015). Actin constructs with mutated
tyr-53 residues were cloned using the following oligos: Y53E forward:
AAGTGGGCGACGAGGCCCAG, Y53A forward: CCGTGGGCGAC
GAGGCCCAG, Y53E/Y53A reverse: CGGAGTCCTTCTGACCCATAC
CCAC and amplified by whole plasmid PCR. The mutations were verified by
sequencing. To create virus constructs wt-, Y53E-, and Y53A-GFP-actin
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were cleaved with Agel and BamHI from the plasmids and inserted into
pLenSynl1Ver2-vector. For virus production, ~50—75% confluent HEK-
293T cells on a 10 cm plate were transfected using 300 ul DMEM, 0.75 ug of
the envelope plasmid pMD2.G, 2.25 ug of the packing plasmid pPAX2, 3.0
ug of the plasmid pLEN-SYNT1 carrying the actin construct Y53E, Y53A or
wtactin, and 18 pug of FUGENE HD (Promega). After a 48 h incubation, the
virus was concentrated by centrifugation from the medium.

Confocal imaging: fixed and live. Imaging was performed on either a
Leica TCS SP5 or a Zeiss LSM 710 upright confocal microscope. A 63X
1.3 numerical aperture (NA) objective lens was used to image the fixed
samples. For live-cell recordings, the microscopes were equipped with a
temperature-controlled chamber and CO, supply. Live-cell recordings
were performed at 37°C and 5% CO, using a 63X 0.9 NA water-dipping
objective. Image files were processed using LAS-AF (Leica Microsys-
tems), ZEN 2012 (Carl Zeiss), Image], Imaris (Bitplane), and Photoshop
CS4 (Adobe).

Analysis of PSD density, morphology, and dynamics of dendritic
spines. For analysis of spines, serial image files corresponding to
z-stacks of 20—30 optical sections per dendritic segment were directly
processed using NeuronStudio, a software package specifically de-
signed for spine detection and analysis (Rodriguez et al., 2008). For all
spine analyses, GFP was in preference to mCherry because of its
higher signal-to-noise ratio. Detailed analysis was performed as de-
scribed in Bertling et al. (2012). Classification of spines was done
using rules defined by Rodriguez et al. (2008). All spines detected by
the software were verified manually. Branched spine density was
counted from the same images used in the morphology analysis.
Spines with extra protrusions from the spine neck or the spine head
were counted and divided by the length of the dendritic segment. The
mean value of separate images is shown. To measure the relative
localization of mCherry-(wt/Y53E/Y53A)-actin to the spine head, the
maximum intensity of actin in the spine head was compared with
the intensity of the adjacent dendrite. The result was normalized to
the intensity distribution of free GFP along the same line.

To analyze PSD density, SAP97-mCherry was cotransfected with GFP-
(wt/Y53E/Y53A)-actin. Clearly separable dots of SAP97 were counted
and divided by the length of the dendritic segment. PSD widths were
analyzed by measuring the maximum widths of SAP97 dots manually
using Image] line measurements.

To analyze the density of presynaptic contacts, DIV13 hippocampal
neuronal cultures were transfected using GFP-(wt/Y53E/Y53A)-actin,
fixed at DIV 14, and stained using anti-synapsin antibody. Clear contacts
between synapsin-stained presynaptic contacts and dendritic protru-
sions in GFP-(wt/Y53E/Y53A)-actin expressing neurons were counted
from confocal images and divided by the length of the dendritic segment.
Presynaptic contact widths were measured manually using Image]J line
measurements.

The motility assay was performed as described in Bertling et al. (2012).
Briefly, time-lapse series were taken as 3D stacks at 2 min intervals. Five
consecutive images were analyzed using NeuronStudio. Spine head diameter
and length were calculated as the average of these five measurements. The
values were compared between adjacent time points and the mean percent-
age changes in the head diameter/length measured for individual spines were
designated as motility indices. Only images taken from free GFP were used to
diminish errors caused by specific localizations of proteins. With many
stubby type spines, the separation of the head fluctuation next to the dendrite
was not within the range of the microscope’s resolution. In addition, some
thin spines appeared or disappeared within the 10 min recording. These were
excluded from the analysis. Several experiments were averaged to obtain the
final value of each condition.

FRAP. Fluorescence recovery after photobleaching (FRAP) was per-
formed as described in Koskinen et al. (2012). For the FRAP assays, neurons
were transfected using GFP-(wt/Y53E/Y53A)-actin or GFP-wt-actin to-
gether with mCherry-(wt/Y53E/Y53A)-actin. Only spines with distinct
heads were selected for analysis. The frame was imaged three times before
photobleaching. Photobleaching was induced by 5 scans (total bleach time
3.117 s) of a region of interest (a single spine) with ~2.2 mW of laser power
at the sample (488 nm). Imaging of the frame was resumed immediately after
the completion of photobleaching and continued every 2-5 s for 100 s. FRAP
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recordings were analyzed by measuring the fluorescence intensity of the
bleached spine and then normalizing this value to a fluorescence intensity
value taken from a control area to account for overall bleaching of the whole
cell that occurs during imaging. Each intensity value was then divided by the
prebleach value recorded. The values from different spine heads of each
analyzed cell were averaged. The sizes of stable and dynamic pools were
manually measured from the mean curves (Koskinen et al., 2014). In addi-
tion, the recovery half-time (f, ,) was determined from these plots by deter-
mining the time point at which the dynamic component reached half of the
value of full recovery.

Viral transductions and slice preparation for in vivo analysis. Morpho-
logical analysis of cells in the CA1 (cornu ammonis area 1) in rat hip-
pocampus was performed for fixed brains expressing lentivirally
transduced actin constructs (wt-, Y53E-, or Y53A-actin). The virus was
injected at postnatal day 1 (P1)-P4 at 3 sites in the hippocampus and
morphological analysis was performed for brains fixed at age P15-P19.
For that, rats were anesthetized and transcardially perfused using cold
PBS, followed by cold 4% paraformaldehyde in PBS. Brains were post-
fixed overnight in 4% formaldehyde in PBS at 4°C, cryoprotected using a
10-20-30% sucrose—PBS gradient over 3 d, frozen in Tissue-Tek OCT
(Sakura), and stored at —80°C before cutting. Sections were cut 35 wm
thick in the cryostat at —20°C and stored in antifreeze solution (Hoffman
etal., 2008). For staining, transfected sections were washed in 3% BSA
(Sigma-Aldrich) in PBS (PBS:BSA) and incubated for 30 min in 0.5%
Triton X-100 (Sigma-Aldrich) in PBS:BSA for permeabilization. Sec-
tions were then incubated with primary anti-GFP antibody (1:500;
Roche) overnight at 4°C. After several washes in PBS:BSA, sections
were incubated in Alexa Fluor-488-conjugated anti-mouse secondary
antibody (1:1000; Invitrogen) or Alexa Fluor-594-conjugated anti-
mouse secondary antibody (1:1000; Invitrogen) for 2 h, washed in
PBS, and mounted on glass coverslips using Immu-Mount medium
(Thermo Scientific). Transduction efficiency was determined with
DAPI counterstaining.

Acute slice preparation and electrophysiological recordings. Acute hip-
pocampal coronal slices were prepared from lentivirally transduced rats
at P16—P29 using standard methods (see Clarke et al., 2012; Luchkina et
al., 2014). For estimating the efficiency of transduction, slices were ex-
amined using a fluorescence microscope before electrophysiological re-
cordings. Only slices with high transduction efficiency (30-35% of cells
transduced) were selected for recordings. To prevent recurrent excitatory
activity, the CA3 area was removed surgically. For electrophysiological
recordings, slices were placed in an interface recording chamber and
perfused using artificial CSF (ACSF) containing the following (in mm):
124 NaCl, 3 KCl, 1.25 NaH,PO,, 1 MgSO,, 26 NaHCO;, 15 p-glucose,
and 2 CaCl,) at a rate of 1.5-2 ml/min at 30-32°C.

Field EPSPs (fEPSPs) were recorded from the stratum radiatum in area
CA1 using ACSF-filled glass electrodes. Synaptic responses were evoked at
0.05 Hz by stimulating a bipolar electrode (nickel-chromium wire) posi-
tioned within Schaffer collateral commissural fibers. Evoked responses were
collected for offline and online analysis using WinLTP software (Anderson
and Collingridge, 2007; www.winltp.com). The slope of the rising phase of
fEPSPs (20—70%) was used as a measure of synaptic efficacy. The baseline
stimulation intensity was adjusted to yield 40 —60% of the maximal intensity
of the fEPSP in the appearance of a population spike.

For input/output (I/O) recordings, three stimulation intensities
below the baseline value and three above were applied. The amplitude
of the presynaptic volley was plotted against the fEPSP slope for dif-
ferent stimulation intensities. To study paired-pulse facilitation
(PPF), two pulses with paired-pulse intervals of 20-150 ms were
given. The PPF ratio was calculated by dividing the slope of the second
fEPSP with the slope of the first. Theta-frequency stimulation (TFS)
used for LTP induction consisted of four-pulse bursts at 100 Hz sep-
arated by 200 ms and repeated five times. The recording was contin-
ued for at least 40 min after the TFS.

Statistical analysis. All statistical analysis was done in SPSS statistics
software versions 20-23 (IBM). One-way ANOVA with Bonferroni’s
post hoc test was used to compare the groups when the data were normally
distributed. Nonparametric Kruskal-Wallis test or Wilcoxon signed-
rank tests were used to compare the groups when the data were non-
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Figure 1.  Amount of actin Y53 phosphorylation changes during neuronal maturation and upon glycine application in cortical neurons. A, Western blot using pY53-actin-specific
antibody shows that actin is phosphorylated in hippocampal neurons and the level of phosphorylation increases with Na;V0, treatment. The total amount of actin was controlled using
AC-15 actin antibody. VAN, 15 min 1 mm Na,V0, treatment. B, Quantification of blots in A shown as the ratio of pY53-actin/total actin normalized to control. Graph represents four
independent experiments. The amount of recognized phosphorylated actin was increased 3.0-fold by phosphatase inhibition. *p << 0.05, nonparametric Kruskal-Wallis test. €, Similar
experiment as in A, but pY53-actin was detected using commercial pY53-actin antibody (ECM, ECM Biosciences) and cortical neuron cultures were used. D, Quantification of blots in €
shown as the ratio of pY53-actin/total actin normalized to control. Graph represents five independent experiments. The amount of recognized phosphorylated actin was increased
2.0-fold by phosphatase inhibition. **p << 0.01, nonparametric Kruskal-Wallis test. E, F, Actin and pY53-actin migrated at similar speeds in normal SDS-PAGE gels (E), but phosphor-
ylated actin migrated more slowly in Phos-tag gel (F). Commercial pY53-actin antibody (ECM Biosciences) detected three different bands in Phos-tag gel but no bands the size of
nonphosphorylated actin. Data represent three independent experiments. G, Cortical neurons were cultured for 7, 14, and 21 DIV and lysates were run on SDS-PAGE and blotted against
pY53-actin (ECM Biosciences) or total actin (AC-15). H, Quantification of G revealing that Y53 phosphorylation decreases by DIV21 (relative phosphorylation amounts: DIV7 = 1.0,
DIV14 = 1.0, DIV21 = 0.2). Graph represents three analyzed blots (two different antibodies) from two independent experiments. *p << 0.05, nonparametric Kruskal-Wallis test. /,
Freshly diluted 200 wum glycine in HBS was applied to DIV14 cortical cultures for 3 min after a 10 min incubation with blockers TTX, strychnine, and picrotoxin. Cells were then washed using
HBS and lysed aftera 10- or 30 min incubation in HBS. Samples were blotted against pAkt, Akt, pY53-actin (ECM), and total actin. J, pAkt levels were increased 1.9-fold 10 and 30 min after
glycine application. K, The amount of pY53-actin was increased 2.1-fold 10 min after glycine application, but the increase in phosphorylation diminished after 30 min (1.4-fold increase
compared with preinduction). Graph represents four independent experiments. *p << 0.05, nonparametric Kruskal-Wallis test. Data are represented as mean =+ SEM.

normally distributed. The Dunn—Bonferroni post hoc method was used
with the Kruskal-Wallis test when needed. p < 0.05 was considered
statistically significant (*p < 0.05; **p < 0.01, ***p < 0.001).

Y53) antibody. The antibody was generated against a 12-aa-long
peptide containing phosphorylated Y53 and adjacent amino ac-
ids from rat B-actin. The antibody recognized a protein with the

Results size of actin (43 kDa) in Western blot analysis of primary hip-

Amount of actin Y53 phosphorylation changes during
neuronal maturation and upon glycine application in

cortical neurons

To determine whether actin is phosphorylated at Y53 in neurons,
we generated a pY53-actin-specific (i.e., actin phosphorylated at

pocampal or cortical neuron lysates (Fig. 1). Phosphatase inhibi-
tion (Na;VO,) increased (3.0, p = 0.014) the amount of
recognized phosphorylated protein, although the total amount of
actin remained the same (Fig. 1 A, B). A similar increase (2.0, p =
0.005) in Y53-actin phosphorylation upon phosphatase inhibi-



Bertling et al. e Actin Phosphorylation in Dendritic Spines

(

pYS53-actin

A Phalloidin 594 own

pY53-actin (own

Figure2.

Scale bars, 5 um. Data in A-C represent five independent experiments.

tion was detected with a commercially available pY53-actin
antibody (Fig. 1C,D). Next, we used phosphate-affinity gel elec-
trophoresis to separate phosphorylated actin from nonphospho-
rylated actin (Kinoshita et al., 2008). Our results revealed that,
whereas actin and pY53-actin migrated at similar speeds in nor-
mal SDS-PAGE gels (Fig. 1E), phosphorylated actin migrated
more slowly than nonphosphorylated actin in the Phos-tag gel
(Fig. 1F). Using antibodies against total actin, no bands were
detected at the level of the slowly migrating bands detected by
pY53 antibodies in the Phos-tag gel, indicating that the relative
amount of pY53-actin was low (~<5%). The pY53-actin anti-
body detected three different bands, indicating that pY53-actin is
probably cophosphorylated at other sites too (Fig. 1F). Impor-
tantly, the pY53-actin antibody did not detect anything at the
same level as the main actin band, showing its specificity for
phosphorylated actin (Fig. 1F). From these experiments, we con-
cluded that both pY53-actin antibodies can distinguish pY53-
actin from nonphosphorylated actin.

Next, we evaluated whether the level of Y53 phosphorylation
changes during neuronal maturation in vitro. We cultured corti-

Actin Y53 phosphorylation is a strictly localized phenomenon. 4, Immunofluorescence staining of primary DIV10 hippocam-
pal low-density culture using anti-pY53-actin specific antibody. Y53-phosphorylated actin is located throughout dendrites and filopodial
protrusions in a punctate manner. Scale bar, 15 m. B, Immunofluorescence staining of primary DIV14 hippocampal neurons using
pY53-actin specificantibody shows the localization of pY53-actin to dendritic spine heads. Cells are transfected with GFP-actin to highlight
asingle dendrite. Images from one confocal layer (z = 0.450 um) are shown. Arrows indicate staining in spine heads. Scale bars, 5 um. G,
Immunofluorescence staining of mCherry-actin-transfected primary DIV14 hippocampal neurons using pY53-actin antibody (ECM Biosci-
ences). Images from one confocal layer (z = 0.450 um) are shown. Antibody staining shows clear localization in spine heads (arrows).
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cal neurons for 7, 14, and 21 DIV and ran
lysates on SDS-PAGE gels. This analysis
revealed that actin is phosphorylated
during the first 2 weeks of neuronal devel-
opment, but the level of Y53 phosphory-
lation decreases by DIV21 (relative level
of phosphorylation: DIV7 = 1.0,
DIV14 = 1.0, DIV21 = 0.2, p < 0.05;
Fig. 1G,H).

Protein phosphorylation is proposed
to be one of the main signaling systems
that trigger synaptic changes underlying
LTP (Racaniello et al., 2010). Therefore,
we used glycine application previously
used to induce LTP chemically (Shahi and
Baudry, 1993; Lu et al., 2001), first con-
firming the previously observed (Racan-
iello et al., 2010) increase in Akt Ser473
phosphorylation. pAkt levels were in-
creased 1.9-fold 10 and 30 min after add-
ing glycine (Fig. 11,J). The amount of
pY53-actin increased 2.1-fold (p = 0.021)
10 min after glycine application, but
the increase in phosphorylation dimin-
ished after 30 min (1.4-fold increase com-
pared with preinduction; Fig. 11,K). The
amount of actin Y53 phosphorylation
decreases during neuronal maturation
and increases transiently upon glycine
application.

The subcellular distribution of phos-
phorylated actin was tested by immuno-
fluorescence analysis. Anti-pY53-actin
antibody showed punctate staining in
DIV10 hippocampal neurons (Fig. 2A).
At DIV14, both pY53-actin antibodies
detected the highest pY53-actin levels in
local dots in spine heads (Fig. 2B,C).
Data obtained with pY53-actin-specific
antibodies demonstrated that actin Y53
phosphorylation is strictly controlled
both spatially and temporally.

Low levels of Y53E-actin expression enhance the development
of lamellipodia and hinder the establishment of stress fibers
Biochemically, actin Y53 phosphorylation stabilizes the D-loop
of actin and thus weakens actin—actin affinity (Liu et al., 2006).
To study the effects of Y53 phosphorylation on actin and cellular
dynamics, we generated an actin construct mimicking actin
phosphorylation (Y53E) and a construct that cannot be phos-
phorylated (Y53A). Although substitution of tyrosine (Y) to glu-
tamic acid (E) does not mimic tyrosine phosphorylation
structure in a perfect manner (Fig. 3A), glutamic acid has been
used successfully in numerous studies to introduce a negative
charge to mimic phosphorylated forms of proteins (Cassens et al.,
2010, Ting et al., 2015, Xia et al., 2008). In addition, we substi-
tuted Y with alanine (A) to abolish the possibility of phosphory-
lation at this site (Fig. 3A). Mutated actins were expressed as GFP
fusion proteins and GFP-wt-actin was used as a control (Choidas
et al., 1998).

Throughout our experiments, we used low to moderate levels
of expression of GFP constructs to avoid possible adverse effects
caused by high overexpression (Fig. 3B). We estimated the
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amount of GFP-actin in these low-expressing cells by comparing  theoretically possible that all endogenous actin molecules are
their average GFP fluorescence intensity with that of highly ex-  replaced by GFP-actin, we set the level of replacement for high-
pressing cells (Fig. 3C). Low-expressing cells exhibited only 6% of ~ expressing cells to 100%. From this, we can estimate that low-
the GFP intensity detected for high-expressing cells. Because itis  expressing cells would have a maximum of 6% of the total cellular
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Figure 4.  Expression of mutant actin mimicking pY53-actin increases the proportion of mushroom-shaped dendritic spines. A, GFP-actin-, GFP-Y53E-actin-, and GFP-Y53A-actin-expressing
primary hippocampal neurons at DIV14. Scale bars, 5 wm. B, ¢, Quantification of spine morphology from neurons cotransfected with mCherry-actins and free GFP revealed an increased proportion
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spines/um. ***p << 0.001 one-way ANOVA with Bonferroni's post hoc test. F, Free GFP and mCherry-actin expressed in a primary hippocampal neuron. Expression plot profile was generated from
the line shown in the picture. Distribution of actin between spine and dendrite was measured and normalized to GFP signal. Scale bars, 1 pum. G, mCherry-Y53A-actin showed a reduced
concentration in spine heads compared with wt- and mCherry-Y53E-actin. Head versus dendrite localizations: wt = 2.3, Y53E = 2.3, Y53A = 1.7. Data (Figure legend continues.)
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actin GFP-tagged. However, it is plausible that high-expressing
cells have ~20% of actin GFP-tagged, which would mean that
low-expressing cells only have 1-2% of actin GFP-tagged. This
level is similar to GFP-actin levels (1-3% of total actin) measured
in transgenic GFP-actin mice (Vaezi et al., 2002; Gurniak and
Witke, 2007). In neuron experiments, we used neurons that ex-
pressed GFP-actin at similar intensity levels as the low-expressing
cells described here.

We then investigated whether mutant actin constructs can be
incorporated into native actin structures and the possible effects
that they might have on these structures in human U20S cells.
Both mutant constructs colocalized with F-actin (Fig. 3D). Com-
parison of the maximum intensity of GFP-actin (both wt and
mutants) in lamellipodia and stress fibers showed that GFP-
Y53E-actin has a preference for lamellipodial localization [wt
ratio = 1.0 (similar intensity in lamellipodium and in stress fi-
bers); Y53E ratio = 1.8, p = 0.001; Y53A ratio = 1.0; Fig. 3E].
Correspondingly, GFP-Y53E-actin expression significantly in-
creased the ratio of phalloidin staining intensity in lamellipodia
versus stress fibers compared with cells expressing GFP-wt-actin
[wt ratio = 1.0 (similar intensity in lamellipodia and stress fi-
bers), Y53E ratio = 1.4, p = 0.024; Y53A ratio = 1.0; Fig. 3F].
GFP- Y53A-actin localization and the lamellipodia/stress fiber
ratio of phalloidin staining intensity were similar to wt actin (Fig.
3D-F). These results suggest that mutated actin constructs can be
incorporated into the endogenous actin cytoskeleton and that
Y53E-actin has a preference for localizing to the dynamic actin
meshwork in lamellipodia. Furthermore, low-level Y53E-actin
expression enhances the development of lamellipodia and hin-
ders the establishment of stress fibers.

Expression of mutant actin mimicking pY53-actin increases
the proportion of mushroom-shaped dendritic spines

We expressed mutated GFP-actin constructs for 24 h in primary
cultures of hippocampal neurons and analyzed their localization
and associated morphological changes at DIV14 (Fig. 4A). To

<«

(Figure legend continued.)  representn = 10 cells, 100 spines for each actin construct pooled
from two independent experiments. ***p << 0.001 one-way ANOVA with Bonferroni’s post hoc
test. H, PSD densities and sizes of PSDs of GFP-(wt/Y53E/Y53A)-actin expressing cells were
analyzed based on PSD labeling by SAP97-mCherry. Scale bars, 1 um. I, Quantification shows
that PSD density was significantly increased in cells expressing GFP-Y53E-actin. Density of PSDs:
wt = 0.34PSD/um, n = 17 cells, 1707 pm of dendrite; Y53E = 0.40 PSD/m, n = 14 cells,
1394 m of dendrite; Y53A = 0.33 PSD/um, n = 14 cells, 1227 um of dendrite. Data are
pooled from two independent experiments. *p << 0.05 one-way ANOVA with Bonferroni’s post
hoctest.J, Quantification of PSD widths shows that PSD sizes were significantly increased in cells
expressing GFP-Y53E-actin together with SAP97-mCherry, whereas, in cells expressing GFP-
Y53A-actin, PSD accumulations were significantly smaller. PSD width: wt = 0.9 um,n = 10
cells, 270 spines with PSD; Y53E = 1.1 um, n = 10 cells, 235 spines with PSD; Y53A = 0.7 um,
n = 10 cells, 341 spines with PSD. Data are pooled from two independent experiments. *p <<
0.05, ***p << 0.001, one-way ANOVA with Bonferroni’s post hoc test. K, Presynaptic site den-
sities and widths of synapsin staining next to GFP-(wt/Y53E/Y53A)-actin expressing spines.
Scale bars, 1 m. L, Quantification shows that presynaptic site density was significantly in-
creased in cells expressing GFP-Y53E-actin. Densities: wt = 0.28 presynaptic contacts/m,
n = 14 cells, 1070 wm of dendrite; Y53E = 0.39, n = 12 cells, 835 m of dendrite; Y53A =
0.27,n = 13 cells, 1031 m of dendrite. Data are pooled from three independent experiments.
*p < 0.05 one-way ANOVA with Bonferroni’s post hoc test. M, Quantification of the width of
presynaptic contacts shows that widths were significantly increased in cells expressing GFP-
Y53E-actin, whereas, in cells expressing GFP-Y53A-actin, synapsin accumulations were signif-
icantly reduced. wt = 0.58 wm, n = 6 cells, 241 pre synaptic sites; Y53E = 0.77 um,n = 4
cells, 269 presynaptic sites; Y53A = 0.50 wm, n = 8 cells, 252 presynaptic sites. Data are
pooled from two independent experiments. **p << 0.01, ***p << 0.001, one-way ANOVA with
Bonferroni’s post hoc test. Data are represented as mean = SEM.

Bertling et al. ® Actin Phosphorylation in Dendritic Spines

analyze morphological changes induced by the expression of mu-
tated actin isoforms, we transfected DIV13 hippocampal neurons
with mCherry-tagged actin constructs together with free GFP.
The following day (DIV14), neurons were fixed and imaged on a
confocal microscope. GFP images were used for spine density and
morphology analysis using NeuronStudio software (Rodriguez et
al., 2008). Neurons expressing Y53E-actin exhibited a higher
number of mushroom-shaped spines compared with control
neurons expressing wt actin (proportion of mushroom spines:
wt = 54%, Y53E = 61%, p = 0.049; Fig. 4B). There were no
significant changes in total spine densities (Fig. 4C) or in spine
head widths between these three constructs (wt = 0.55 wm,
Y53E = 0.54 um, Y53A = 0.52 um), but the expression of Y53E-
actin reduced the proportion of spines with a head diameter that
is <0.2 wm (p = 0.045; Fig. 4D). The clearest defect in Y53A-
actin expressing neurons was a 3-fold increase in the density of
branched spines (branched spine density: wt = 0.03; Y53A = 0.10
spines/um, p < 0.001; Fig. 4E).

To quantify the localization of wt and mutant actins in den-
dritic spines, we measured the fluorescence intensity of mCherry-
(wt/Y53E/ Y53A)-actin in spines and in adjacent dendrites and
normalized the difference using the intensity distribution of free
GFP (Fig. 4F). Wt and mCherry-Y53E-actin localized to spine
heads in a similar manner, whereas the localization of mCherry-
Y53A-actin waslower [head/dendrite ratio: wt = 2.3; Y53E = 2.3;
Y53A = 1.7 (p < 0.001); Fig. 4 F, G]. Together, the expression of
Y53E-actin increases the amount of mushroom spines and Y53A-
actin expression results in the formation of branched spines.

We further tested whether the expression of the mutated actin
constructs affects spine maturation and synapse formation. We
analyzed the number of spines that displayed postsynaptic den-
sity (SAP97-mCherry) as a sign of spine maturation, as we did in
earlier studies (Saarikangas et al., 2015). As expected based on the
increased mushroom spine density (Fig. 4B), expression of the
Y53E-actin increased the density of PSDs [wt = 0.34 PSD/um;
Y53E = 0.40 PSD/um (p = 0.012); Y53A = 0.33 PSD/um; Fig.
4H,I]. Moreover, the PSDs were significantly larger in cells ex-
pressing GFP-Y53E-actin and smaller in cells with GFP-Y53A-
actin than in cells expressing GFP-wt-actin [wt = 0.9 um;
Y53E = 1.1 um (p = 0.03); Y53A = 0.7 um (p < 0.001); Fig.
4H,J]. The postsynaptic density must equilibrate with the pre-
synaptic bouton to maintain its structure over longer time peri-
ods (Meyer et al., 2014). Therefore, we analyzed the densities and
sizes of presynaptic contacts. Staining of presynaptic contacts by
synapsin revealed that postsynaptic expression of GFP-Y53E-
actin increased the density of presynaptic contacts [wt = 0.28
presynaptic contacts/um; Y53E = 0.39 (p = 0.001); Y53A =
0.27], as well as the width of presynaptic contacts [wt = 0.58 wm;
Y53E = 0.77 um (p < 0.001); Fig. 4K—M]. Conversely, expres-
sion of Y53A-actin significantly decreased the average size of pre-
synaptic contacts compared with wt actin [Y53A = 0.50 wm
(p =0.002); Fig. 4K—M]. Therefore, short 1 d Y53E-actin expres-
sion promotes—and Y53A-actin expression hinders— dendritic
spine maturation and synapse formation.

Expression of mutant pY53-mimicking actin increases the
turnover rate of actin filaments and spine head dynamics

To study the turnover of actin filaments in dendritic spines in
cultured neurons, we used the FRAP assay, which we have previ-
ously optimized for dendritic spine actin (Koskinen et al., 2012,
2014; Koskinen and Hotulainen, 2014). The FRAP assay mea-
sures the rate of addition of new actin monomers to the ends of
actin filaments. The relative sizes of the dynamic and stable pools
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Figure 5.  Expression of mutant actin mimicking pY53-actin increases the turnover rate of actin filaments and spine head dynamics. A, Example images presenting fluorescence recovery of
GFP-(wt/Y53E/Y53A)-actin in dendritic spines of primary DIV14 hippocampal neurons. B, Analyses of FRAP assays show the mean GFP-actin fluorescence recovery curves of GFP-(wt/Y53E/Y53A)-
actin. €, Stable pool sizes measured from the mean FRAP curves of individual cells show that GFP-Y53E-actin has a smaller, whereas GFP-Y53A-actin has a larger, stable-F-actin pool fraction. Stable
pool size: wt = 11%, Y53E = 6%, Y53A = 20%. *p << 0.05, ***p << 0.001, one-way ANOVA with Bonferroni’s post hoc test. D, GFP-Y53E-actin recovery half-time is significantly shorter, whereas
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can be calculated from the FRAP recovery curves (Koskinen and
Hotulainen, 2014). The dynamic pool has a turnover time of ~40
s, whereas the stable pool turnover time is much longer, at ~17
min (Honkura et al., 2008). We first recorded FRAP in DIV14
cultured hippocampal neurons expressing GFP-actin, GFP-
Y53E-actin, or GFP-Y53A-actin (Fig. 5A, B). Cells expressing low
to moderate amounts of GFP-actin and displaying spines with
comparable size and morphology were selected for analyses. The
relative size of the stable F-actin pool was significantly increased
and decreased in cells expressing GFP-Y53A-actin and GFP-
Y53E-actin, respectively, compared with wt GFP-actin express-
ing cells [stable pool fraction size of wt = 11%, Y53E = 6% (p =
0.023), Y53A = 20% (p < 0.001); Fig. 5C]. Analysis of the recov-
ery curves demonstrated that actin filaments in the dynamic pool
containing GFP-Y53E-actin recovered faster than those contain-
ing GFP-actin or GFP-Y53A-actin [recovery half-time of dy-
namic pool, wt = 8.8's, Y53E = 5.5 (p < 0.001), Y53A = 7.7 s;
Fig. 5D]. To determine whether the effects of these mutants on
actin dynamics are dominant over wt actin in spines, we per-
formed the same FRAP assay on cells expressing GFP-wt-actin
together with mCherry-tagged wt-, Y53E-, and Y53A-actin. Ex-
pression of mutant actins changed the sizes of the slow F-actin
pools measured by following GFP-wt-actin, similarly to what was
seen in experiments in which the recovery of the mutant protein
was followed directly [stable pool size: wt = 13%; Y53E = 7%
(p =0.001); Y53A = 20% (p = 0.002; Fig. 5E, F]. However, the
turnover time of the GFP-wt-actin dynamic pool was not signif-
icantly changed (Fig. 5G). Therefore, these results suggest that
Y53E-actin decreases the size of the stable F-actin pool, whereas
Y53A-actin stabilizes actin filaments in dendritic spines.

To measure spine dynamics, we used a motility analysis that
we developed recently (Bertling et al., 2012; Koskinen et al.,
2014). For these analyses, 5 3D confocal images were collected at
2 min intervals (Fig. 5H ). The spine head diameter and length of
each spine at each time point were analyzed using NeuronStudio
(Fig. 5I). This analysis revealed that the change in the width of a
spine head within 2 min was significantly larger in mCherry-
Y53E-actin expressing neurons compared with wt neurons (wt =
17%, Y53E = 20%, p = 0.009; Fig. 5]). The expression of
mCherry-Y53A-actin resulted in similar spine dynamics as the
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(Figure legend continued.) ~ Bonferroni's post hoc test. E, Analyses of FRAP assays show the
mean GFP-actin fluorescence recovery curves in dendritic spines of primary DIV14 hippocampal
neurons coexpressing mCherry-tagged wt-, Y53E-, or Y53A-actin. F, Stable pool sizes measured
from the mean FRAP curves of individual cells show that GFP-actin in spines coexpressing
mCherry-Y53E-actin have a smaller stable-F-actin pool fraction, whereas spines coexpressing
mCherry-Y53A-actin have a larger stable-F-actin pool fraction. Stable pool size: wt = 13%,
Y53E = 7%, Y53A = 20%. **p < 0.01 one-way ANOVA with Bonferroni’s post hoc test. G,
GFP-actin recovery half-time of dynamic F-actin pool is not significantly different in cells ex-
pressing mCherry-(wt/Y53E/Y53A)-actin together with GFP-actin. Recovery half-time of dy-
namic pool: wt: 9.7 s; Y53E: 9.0 5; Y53A: 8.2 5. Data in F and G represent n(wt) = 15 cells, 58
spines, n(Y53E) = 14 cells, 56 spines, n(Y53A) = 15 cells, 59 spines pooled from four indepen-
dent experiments. H, Representative images used in spine length and width analyses. Images of
GFP fluorescence taken at 2 min intervals. Scale bars, 1 wm. I, Analysis of spine motility by
measuring the mean head width and spine length fluctuation at 2 min intervals. Symbols
indicating the time points refer to the spines marked with corresponding symbols in H. J,
Fluctuation percentages were averaged to give a motility index for cells expressing mCherry-
(wt/Y53E/Y53A)-actin together with GFP. The magnitude of spine head movement was larger
in cells expressing Y53E-actin compared with wt-actin (wt: 17%, n = 6 cells, 340 spines; Y53E:
20%, n = 5cells, 375 spines; Y53A: 17%, n = 6 cells, 420 spines). No significant change in spine
length fluctuation was observed (wt: 16%, Y53E: 15%, Y53A: 16%). Data are pooled from three
independent experiments. **p << 0.01 one-way ANOVA with Bonferroni’s post hoc test. Data
are represented as mean = SEM.
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expression of mCherry-wt-actin (Fig. 5]). No significant changes
in spine length fluctuations were observed. These results indicate
that the expression of Y53E-actin increases the short-term dy-
namics of dendritic spine heads.

Expression of mutant pY53-mimicking actin in the rat
hippocampus decreases dendritic spine density and impairs
LTP in CA1 pyramidal neurons

To elucidate the importance of actin phosphorylation in vivo, we
expressed wt actin and actin mutants in the rat hippocampus
using a lentiviral vector and analyzed dendritic spine density and
morphology, as well as synaptic function in transduced CA1 py-
ramidal neurons. Actin constructs were transduced into the hip-
pocampus on P1-P4 (Fig. 64, left). For imaging experiments, we
used slices with sparse labeling of neurons to image individual
dendrites (Fig. 6A, center). For fEPSP recordings, only slices with
a high transduction efficiency (30-35%) were used (Fig. 6A,
right). A transfection efficiency of that magnitude was shown to
be sufficient to detect changes in plasticity in our earlier studies
(Luchkina et al., 2014).

Spine morphology and density were analyzed at P15-P19, so
the expression time was considerably longer compared with the
1 d expression performed in cultured neurons. GFP-Y53E-actin
strongly localized to dendritic spine heads in vivo and spine heads
were round and well formed (Fig. 6B). The analysis revealed that
the expression of the GFP-Y53E-actin significantly decreased
overall spine density, especially reducing the amount of mush-
room and stubby spines [Y53E: thin = 0.31, mushroom = 0.51
(p = 0.001), stubby = 0.28 (p = 0.029), total = 1.00 spines/um
(p < 0.001)], compared with cells expressing GFP-wt-actin (wt:
thin = 0.31, mushroom = 0.77, stubby = 0.40, total = 1.50
spines/um; Fig. 6C). The spine density in cells expressing GFP-
Y53A-actin was unchanged, but the spine type distribution was
shifted toward smaller spine heads, resulting in an increase in the
number of thin spines (spine head width <0.35 um) [Y53A:
thin = 0.68 (p < 0.001), mushroom = 0.40 (p < 0.001),
stubby = 0.41, total = 1.50 spines/um; Fig. 6C]. In summary, the
long-term expression of GFP-Y53E-actin in the rat hippocampus
decreased overall spine density.

To determine whether actin mutants affect synaptic function,
we performed fEPSP recordings in the CA1 stratum radiatum for
virally transduced rat hippocampi at P16—P29. The I/O ratios did
not differ between slices expressing the different actin constructs,
implicating that the basic synaptic properties were similar in the
transduced slices regardless of the actin construct expressed (Fig.
6D). Next, we studied PPF, a form of short-term plasticity reflect-
ing neurotransmitter release probability. PPF is generally used as
a measure of presynaptic function (Zucker, 1989; Lauri et al,,
2007). No significant differences in the PPF were found between
the GFP-(wt/Y53E/ Y53A)-actin construct groups (Fig. 6E). This
result corroborates the idea that basal synaptic transmission was
unaltered in wt-, Y53E-, and Y53A-actin expressing rats. We then
examined LTP, the principal model for studying cellular mecha-
nisms of long-term synaptic strengthening (Bliss and Col-
lingridge, 1993). Synaptic responses were evoked at 0.05 Hz by
stimulating a bipolar electrode positioned within Schaffer collat-
eral commissural fibers. fEPSPs were recorded in the stratum
radiatum in area CA1 and LTP was induced by TFS stimulation.
We found a significantly smaller potentiation of the fEPSP slope
after LTP induction in the slices expressing Y53E-actin (time
point 35-40 min: 22 = 4%, p = 0.013) compared with slices
expressing wt or Y53A-actin (37 * 4% and 30 = 2%, respectively;
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Figure 6.  Expression of Y53E-actin in rat hippocampus decreases dendritic spine density and attenuates LTP formation. 4, Lentiviral transduction was performed at P1—P4 in rat hippocampi.
Higher-magpnification confocal images of the CA1 area show transduction efficiency used for imaging and for LTP recordings. DAPI nuclear staining is shown in red, GFP-actin fluorescence in green.
Transduction efficiency in slices used for LTP recording is ~35%. Scale bars, 10 wm. B, Dendrites of CA1 pyramidal hippocampal neurons at P15—-P19 expressing GFP-tagged wt-, Y53E-, or
Y53A-actin. Similar to wt, GFP-Y53E-actin localizes to spines, whereas GFP-Y53A-actin shows shaft localization. Scale bars, 5 um. €, Quantification of spine morphology reveals that the total spine
number is diminished in neurons expressing GFP-Y53E-actin. Expression of GFP-Y53A-actin shifts spine type distribution to thin spines without altering the total spine density: wt: thin = 0.31,
mushroom = 0.77, stubby = 0.40, total = 1.51 spines/um; n = 11 cells, 1235 spines, 821 pm dendrite, pooled from 3 rats; Y53E: thin = 0.31, mushroom = 0.51, stubby = 0.28, total = 1.00
spines/m; n = 10 cells, 795 spines, 746 um dendrite, pooled from 3 rats; Y53A: thin = 0.68, mushroom = 0.40, stubby = 0.41, total = 1.50 spines/m; n = 10 cells, 964 spines, 637 m
dendrite, pooled from 3 rats. **p << 0.01, ***p << 0.001, one-way ANOVA with Bonferroni's post hoc test. D, /0 ratios did not differ between slices expressing different actin constructs. The number
of recordings from slices expressing wt-, Y53E-, and Y53A-actin constructs were 13 (13 rats), 13 (10 rats), and 17 (12 rats), respectively. E, No significant differences in the PPF were found between
the wt-, Y53E-, and Y53A-actin construct groups [n(wt) = 12 (12 rats), n(Y53E) = 14 (13 rats), and n(Y53A) = 14 (12 rats)]. F, G, Pooled data from recordings of fEPSPs in the CA1 of hippocampal
slices expressing wt-actin (F, G), Y53E-actin (F),and Y53A-GFP-actin (G). A stimulation interval of 20 s was used and every third response is shown in the graph. TFS was applied at 0 min. At 35— 40
min, the fEPSP was potentiated 37 = 4% [n = 18 slices (13 rats)] in wt-actin-expressing slices, 22 = 4% [n = 11 (8 rats)] in Y53E-actin-expressing slices, and 30 == 2% [n = 21 (12 rats)] in
Y53A-actin-expressing slices. *p << 0.05, Kruskal-Wallis test with Dunn—Bonferroni post hoc method. H, Superimposed average fEPSP responses at —5 min (1) and 35 min (2) for all groups. Data
are represented as mean = SEM.
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Fig. 6F-H). Therefore, actin phosphory-
lation is associated with an impaired ca-
pacity of CA1 synapses to express LTP. 200

A 2

Next, we investigated whether the <180 {{

phosphorylation level of endogenous ac-
tin changes during LTP expression in
acute slices. The experimental protocol
used in the experiments shown in Figure
6, F and G, was used (Fig. 7A). The CA1
area from both the control slices receiving
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(p = 0.046) in LTP-induced slices com-
pared with control slices (Fig. 7B,D).
These results show that the level of actin
phosphorylation increases during LTP
expression.

Figure 7.

Phosphorylation level of endogenous actin increases during LTP formation in acute hippocampal slices. 4, LTP was
induced in rat hippocampal slices similar to the experiment presented in Figure 6 (circles). The CATs of the slices were frozen in
liquid nitrogen 35 min after LTP induction. In addition to slices with LTP induction, we collected Western blot samples from control
slices recorded without LTP induction (triangles). At 32 min, the fEPSP was potentiated 55 = 2% [n = 8 slices (8 rats)] in

LTP-induced slices and 4 == 2% [n = 5 (5 rats)] in slices without LTP induction, p = 0.003. **p << 0.01, nonparametric Kruskal—

Discussion

The current paradigm is that actin-
binding proteins dictate what structures
are built from actin molecules. However,
recent studies have shown that actin post-
translational modifications are powerful
mechanisms that change the properties of actin in a temporally
and spatially controlled manner (Terman and Kashina, 2013).
Despite the identification of 35 different phosphorylation sites,
the role of actin phosphorylation in higher eukaryotes is poorly
understood (Terman and Kashina, 2013). Actin Y53 phosphory-
lation has been best characterized in the slime molds Dictyoste-
lium and Physarum, which are proposed to have their own
machinery for phosphorylation-dependent actin regulation. In-
terestingly, Anaplasma phagocytophilum, the agent of human
anaplasmosis, uses actin phosphorylation to modify the host
cell’s actin cytoskeleton (Sultana et al., 2010). Because actin, es-
pecially Y53, is highly conserved, it would be surprising if mam-
malian cells did not use the regulatory possibilities facilitated by
actin phosphorylation.

Here, we show that actin is Y53-phosphorylated in mamma-
lian neurons (Figs. 1, 2). Based on its subcellular localization and
rapid increase upon phosphatase inhibition (Figs. 1, 2), actin
phosphorylation seems to be strictly controlled both spatially and
temporally. To understand the cellular importance of actin phos-
phorylation, we used actin mutants that either mimic phosphor-
ylation (Y53E) or cannot be phosphorylated (Y53A). These
constructs have also been used in earlier studies in Dictyostelium
(Liu et al., 2006; Liu et al., 2010; Shu et al., 2010). The expression
of the construct mimicking Y53-actin phosphorylation increased

Wiallis test. B, The success of LTP induction was further controlled by measuring the known LTP-responsive Akt Ser473 phosphor-
ylation (Racaniello et al., 2010) and pY53-actin levels were detected with pY53-actin antibodies (ECM Biosciences). C, pAkt levels
were increased 2.7-fold 35 min after LTP induction. D, Western blotting against pY53-actin revealed that actin phosphorylation
was increased 2.3-fold in LTP-induced slices compared with control samples. Graph represents five independent experiments.
*p < 0.05, nonparametric Wilcoxon signed-rank test. Data are represented as mean = SEM.

actin filament turnover rate and cell dynamics in neurons (Fig.
5). These results fit well with the properties reported for phos-
phorylated actin (Baek et al., 2008) indicating that the glutamic
acid substitution indeed structurally mimics the properties of
phosphorylated tyrosine. We propose that Y53E-actin creates
points with weaker actin—actin contacts along the filament. When
filaments break at these points, individual filaments become
shorter and the increase in the numbers of both plus and minus
ends enhances the filament turnover rate (Figure 5; Fig. 8A).
Conversely, expression of the phosphorylation-deficient mutant
reduced actin dynamics (Figure 5). In previous studies, Y53A-
actin mutation has been reported to produce biochemically sim-
ilar effects as Y53E-actin (Liu et al., 2010). However, these effects
were seen in experiments with purified proteins in which all actin
monomers were mutated. It is plausible that low expression levels
of Y53A-actin result in more stable actin filaments. Indeed, Shu et
al. (2010) reported that the effect of the Y53A mutation was
mostly reversed by copolymerization with wt-actin.

In Y53A-actin expressing neurons, the proportion of bran-
ched spines was increased (Fig. 4). A similar phenotype was ob-
served when the actin-depolymerizing agent cofilin-1 was
knocked down by siRNA (Hotulainen et al., 2009) or when actin
dynamics were decreased through the inhibition of myosin II
contractility (Ryu et al., 2006; Koskinen et al., 2014). It is proba-
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Figure8.  Modelfigure illustrating the function of mutant actin constructs and the role of Y53 phosphorylation during dendritic spine
maturation and LTP formation. A, Working model for the effects of the Y53E- and Y53A-actin expression on actin filament turnover. In a
cellular context, there is a net addition of monomers at the plus end and net dissociation at the pointed end, leading to filament elongation
occurring mainly at the plus end. The constant incorporation and dissociation of monomers at filament ends results in a “treadmilling”
effect. Y53E-actin creates points with weaker actin—actin binding along the filament. When filaments break at these points, the filaments
become shorter and the increase in numbers of both plus and minus ends enhances the turnover rate. Y53A-actin creates higher affinity
binding with adjacent actin monomers, thus slowing down the depolymerization rate at minus ends. This “pointed end capping” increases
filament length. B, During spine morphogenesis, actin filaments are maintained highly dynamic by Y53 phosphorylation (spine on left).
High-frequency synapse activation induces reorganization, polymerization, and stabilization of actin filaments. We propose that actin
phosphorylation serves asamechanism to break actin filaments into shorter filaments to facilitate the reorganization of the actin cytoskel-
eton (spine in the middle). In turn, dephosphorylation is required for the stabilization of actin filaments during LTP maintenance or during
dendritic spine maturation (spine on right).

ble that, in all of these cases, the actin filaments are too long. It is
important to note that, with transient Y53A-actin expression, the
expected proportion of exogenous actin mutants is ~2% of total
actin (Fig. 3B; Vaezi et al., 2002; Gurniak and Witke, 2007), so
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98% of all actin molecules are still avail-
able for phosphorylation. Because the low
expression of Y53E-actin was sufficient to
induce significant changes in the actin cy-
toskeleton and neuronal function, the
Y53A-expression-induced cellular effects
cannot be fully explained solely by the in-
hibition of phosphorylation. We propose
that Y53A-actin increases the affinity be-
tween adjacent actin monomers, making
it more difficult for terminal monomers
to depolymerize at the minus ends com-
pared with wt-actin. This “capping” slows
down the depolymerization rate and in-
creases filament length (Fig. 8A). Accord-
ingly, these studies suggest that, if, during
development, actin filaments are too long,
too stable, or both, dendritic spine mor-
phogenesis is abnormal and spines exhibit
protrusions from the spine heads. There-
fore, actin phosphorylation supports
spine head growth and dynamic intrinsic
fluctuations.

The expression of Y53E-actin induced
faster spine dynamics, a faster turnover
rate of the dynamic actin filament pool,
and a smaller stable F-actin pool (Fig. 5).
In contrast, Y53A-actin expression in-
creased the stable F-actin pool size, but
did not affect the turnover rate of the
F-actin dynamic pool or spine dynamics
(Fig. 5). These data led us to conclude that
the dynamic pool, and not the stable pool,
mediates spine dynamics, at least in the
short term. We proposed earlier that dur-
ing neuronal maturation fast spine dy-
namics provide the optimal method for
searching the proper morphology (Koski-
nen et al., 2014). When the mature mor-
phology is obtained, the dynamics slow
down to provide the optimal conditions
for maintaining the given spine morphol-
ogy (Koskinen et al., 2014; Hlushchenko
et al., 2016). Consistent with these ideas,
our results suggest that short, 1 d Y53E-
actin expression increased the number of
spines with more mature mushroom
morphology, indicating that Y53E-actin
expression helps to find the proper mor-
phology of the spines (Figs. 4A,C, 8B).
However, when Y53E-actin was expressed
over 2 weeks, dendritic spine density was
decreased (Fig. 6B,C), indicating that
Y53E-actin expression induced deficiency
in the long-term dendritic spine stabiliza-
tion (Fig. 8B). Evidently, the 24 h expres-
sion of the Y53E-actin was too short to
induce a loss of dendritic spines. More-
over, our Western blot data from neuro-

nal cultures of different ages showed a significant decrease in
actin phosphorylation as neurons matured and spines stabilized
(Fig. 1G,H). Therefore, although short-term expression of Y53E-
actin promoted dendritic spine morphogenesis, dephosphoryla-
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tion and stabilization of the dendritic spine actin cytoskeleton are
required for dendritic spine maintenance over longer time peri-
ods (Fig. 8B). These results also show that cells cannot rescue the
spine loss through increasing the rate of formation of new spines,
but existing spines need to be properly stabilized.

Activation of synapses causes highly regulated and remarkably
rapid changes in spine head size and longevity (Matsuzaki et al.,
2004; Okamoto et al., 2004). LTP is proposed to be the structural
counterpart of memory formation (Nabavi et al., 2014). The cur-
rent leading view is that, during LTP induction and expression,
actin is first rapidly reorganized through actin severing and new
actin filaments are polymerized, leading to the growth of spine
heads (Okamoto et al., 2004; Honkura et al., 2008; Bosch et al.,
2014; Hlushchenko et al., 2016). Chen et al. (2015) further em-
phasized the importance of actin filament severing. Using two-
photon correlation spectroscopy, they showed that, in chemical
LTP, actin filaments of the dynamic F-actin pool are cut into
shorter filaments to quickly reorganize and expand the actin cy-
toskeleton within the spine head (Chen et al., 2015). In chemical
LTP, the increase in short filaments was visible after 30 min of
LTP induction (Chen et al., 2015). Many studies suggest that,
after reorganization, actin filaments are gradually restabilized be-
tween 7 and 120 min after LTP induction (Honkura et al., 2008;
Bosch et al., 2014; Hlushchenko et al., 2016). Our results suggest
that actin phosphorylation could provide a mechanism to induce
the breaking of actin filaments into shorter filaments during LTP
induction. In turn, dephosphorylation is required to restabilize
filaments later in LTP. Our glycine application experiments sug-
gested that actin phosphorylation is transiently increased after
chemical LTP induction and this high phosphorylation level is
then decreased during LTP stabilization (Fig. 1I-K). The LTP
evoked by theta stimulation in acute hippocampal slices resulted
in a 2.3-fold increase in actin phosphorylation 35 min after LTP
induction (Fig. 7). We only measured one time point after theta
stimulation, but we hypothesize that, in acute slices, similarly to
cultured neurons, actin phosphorylation is highest soon after
LTP induction. After the reorganization stage, actin is slowly de-
phosphorylated and actin filaments are subsequently stabilized
(Fig. 8B). This idea is supported by the fact that actin phosphor-
ylation significantly decreased during neuronal maturation when
actin filaments are stabilized, similar to LTP-induced stabiliza-
tion (Honkura et al., 2008; Bosch et al., 2014; Koskinen et al.,
2014; Fig. 1I-K). Impaired LTP in Y53E-actin-expressing CAl
pyramidal neurons (Fig. 6F—H ) might mean that the actin fila-
ments cannot be cut shorter and respond to LTP induction be-
cause most of the filaments are already short. Therefore, less
change in actin structures can be obtained and LTP is impaired.
Consistent with this evidence, we also observed a significant in-
crease in the number and size of postsynaptic and presynaptic
sites in neurons expressing Y53E-actin in cultures (Fig. 4H-M).
These results indicate that synapses are already stronger in these
neurons under basal conditions compared with wt neurons. Be-
cause small spines are preferential sites for LTP induction (Mat-
suzaki et al., 2004), it is logical that Y53E-actin-expressing
neurons respond inefficiently to LTP induction. In addition,
when actin cannot be dephosphorylated, actin filaments cannot
be stabilized, causing the deficiency in LTP maintenance.

In conclusion, we discovered a novel mechanism of actin reg-
ulation that underlies the exceptionally dynamic actin cytoskele-
ton in dendritic spines. Actin phosphorylation can serve as a
molecular switch to regulate fast changes in actin filament turn-
over rate in spine morphogenesis and synaptic plasticity. In the
future, it will be important to identify and characterize the ki-
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nases and phosphatases regulating actin phosphorylation and de-
phosphorylation during these processes. In addition, it would be
interesting to test whether actin phosphorylation plays a role in
learning processes or in neurological disorders associated with
cognitive dysfunction. If so, actin phosphorylation could provide
a novel treatment target for neurological diseases.
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