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Background: Synaptic plasticity requires constant adaptation of functional and
structural features at individual synaptic connections. Rapid re-modulation of the
synaptic actin cytoskeleton provides the scaffold orchestrating both
morphological and functional modifications. A major regulator of actin
polymerization not only in neurons but also in various other cell types is the
actin-binding protein profilin. While profilin is known to mediate the ADP to ATP
exchange at actin monomers through its direct interaction with G-actin, it
additionally is able to influence actin dynamics by binding to membrane-
bound phospholipids as phosphatidylinositol (4,5)-bisphosphate (PIP2) as well
as several other proteins containing poly-L-proline motifs including actin
modulators like Ena/VASP, WAVE/WASP or formins. Notably, these interactions
are proposed to be mediated by a fine-tuned regulation of post-translational
phosphorylation of profilin. However, while phosphorylation sites of the
ubiquitously expressed isoform profilin1 have been described and analyzed
previously, there is still only little known about the phosphorylation of the
profilin2a isoform predominantly expressed in neurons.

Methods: Here, utilizing a knock-down/knock-in approach, we replaced
endogenously expressed profilin2a by (de)phospho-mutants of S137 known to
alter actin-, PIP2 and PLP-binding properties of profilin2a and analyzed their effect
on general actin dynamics as well as activity-dependent structural plasticity.

Results and Discussion: Our findings suggest that a precisely timed regulation of
profilin2a phosphorylation at S137 is needed to mediate actin dynamics and
structural plasticity bidirectionally during long-term potentiation and long-term
depression, respectively.
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1 Introduction

Neuronal plasticity and proper neuronal function depend on
structural and functional changes at synapses which are based on
rapid re-modulations of the synaptic actin cytoskeleton (Okamoto
et al., 2004). Among the large number of actin regulators engaged in
the subcellular organization of synaptic actin are profilins. Profilins
catalyze the ADP-to-ATP exchange on G-actin (Goldschmidt-
Clermont et al., 1992) and additionally interact with a plethora
of other actin mediators as well as phospho-lipids to regulate actin
dynamics in a multifaceted manner (Jockusch et al., 2007). In the
mammalian CNS, two profilin isoforms are expressed, profilin1
(PFN1) and profilin2a (PFN2a) (Ackermann and Matus, 2003;
Neuhoff et al., 2005), with PFN2a being the predominant isoform
in neurons (Witke et al., 1998). Notably, both isoforms share
redundancies in their subcellular localization as both are located
at pre- and postsynaptic sites (Neuhoff et al., 2005) as well as in the
nucleus (Birbach et al., 2006). In addition, an activity-dependent
translocation into dendritic spines could be shown for both,
PFN1 and PFN2a (Ackermann and Matus, 2003). Non-etheless,
both isoforms were shown to be differentially engaged in the
regulation of synaptic actin as PFN1 was found to be important
for dendritic spine formation (Sungur et al., 2022) while PFN2a was
shown to be involved in spine stabilization, synaptic function as well
as activity-dependent structural plasticity (Michaelsen et al., 2010a;
Michaelsen-Preusse et al., 2016). In line with this, although both
isoforms share certain functional redundancies, the loss of one
isoform cannot be fully compensated by the other (Michaelsen-
Preusse et al., 2016).

In the cellular context, PFN function is mediated through its
interaction with other proteins as, apart from its actin-binding
pocket, PFNs possess binding sites for proteins containing
polyproline-stretch (PLP-) motifes as well as membrane-bound
phospholipids (Jockusch et al., 2007). Consequently, PFNs
interact with a variety of other proteins involved in the
regulation of structural and functional properties at synapses,
including WAVE/WASP, Ena/Vasp, formins, ARP2, ARP3,
Gephyrin or phosphatidylinositol-4,5-bisphosphate (PIP2)
(Lassing and Lindberg, 1985; Machesky et al., 1994; Reinhard
et al., 1995; Chang et al., 1996; Mammoto et al., 1998; Miki
et al., 1998). Notably, PFNs can bind in parallel to actin as well
as to proteins containing poly-(L)-proline stretches (e.g., formins)
which, given the fact that poly-(L)-proline stretches are repetitive
(Lambrechts et al., 1997), offers the possibility that PFN-actin
complexes can be delivered and released with a high temporal
and spatial resolution to sites of need, e.g., during phases of
synaptic plasticity. On the contrary, the interaction between PFN
and the membrane-bound PIP2 has been shown to dramatically
reduce the affinity to PLP-proteins (Walter et al., 2020) indicating
that PFN-PIP2-binding might serve as a regulatory mechanism to
prevent PFN from interacting with actin. Hence, PFN availability as
well as activity is fine-tuned through its interaction with other
proteins.

Although the binding-partners of neuronal PFNs are in general
rather well described, details about how these interactions are
modulated in the cellular context are still missing. In this respect,
post-translational modifications of PFN and especially PFN-
phosphorylation seem to be of crucial importance. For PFN2,

several phosphorylation-sites have been described that were shown
to influence the affinity to other binding partners: 1) PFN2a
phosphorylation at S71, S76 or S129 was shown to decrease actin-
binding, 2) phosphorylation at Y78 was shown to increase
PIP2 binding, 3) phosphorylation at Y29 or Y133 was found to
decrease PLP-protein binding and 4) phosphorylation of S137,
which is in close proximity to the PLP, PIP2 as well as actin-
binding pocket and conserved among PFN isoforms, was shown to
diminish binding to all binding-partners (Walter et al., 2020). Hence,
targeted PFN2a (de)phosphorylation is likely to represent an effective
mechanism mediating intracellular PFN2a function with a high
degree of temporal as well as spatial resolution which might be
especially important for processes of synaptic plasticity.

Therefore, to better understand the regulation of PFN2a in
neurons, especially in the context of synaptic plasticity processes,
we utilized a knock-down/knock-in approach to replace
endogenously expressed PFN2a with phospho-mimetic or
phospho-deficient PFN2a S137 mutants to elucidate the mode of
action on basal actin dynamics as well as activity-dependent structural
plasticity. Interestingly, our results suggest that a precisely timed
phosphorylation- or dephosphorylation of S137 is needed to
regulate spine plasticity and the underlying actin dynamics
bidirectionally during NMDAR-dependent long-term potentiation
(LTP) as well as NMDAR-dependent long-term depression (LTD).

2 Materials and methods

Generation of PFN2a gene replacement vectors. As already
described previously (Michaelsen et al., 2010a; Schweinhuber et
al., 2015), RNAi constructs were based on pRNATU6.3/Hygro
(Genscript). For PFN2a-specific knockdown ds
oligodeoxynucleotide, GATCCGGATAACCTGATGTGCGAT
GGCGAACCATCGCACATCAGGTTATCCTTTT was inserted
into the vector and the reporter EGFP was replaced by mApple
(Kind gift of Michael W. Davidson, National High Magnetic Field
Laboratory, USA). For gene replacements, synthetic cDNAs
encoding RNAi-PFN2a-mod, RNAi-PFN2a-S137A or RNAi-
PFN2a-S137D were ligated into the PFN2a-specific shRNA
vector. The expression of mApple-PFN fusion proteins was
driven by a truncated CMV promoter (Boshart et al., 1985).

Primary embryonic hippocampal cultures from C57Bl/
6 wildtype mice were prepared at embryonic day 18 as described
previously (Michaelsen et al., 2010a). 70.000 cells were plated on
13 mm poly-L-lysine coated coverslips and were maintained at 37°C,
5% CO2 (vol/vol) and 99% humidity in Neurobasal medium (Gibco)
which was additionally supplemented with 10% N2 (vol/vol), 2%
B27 (vol/vol) and 0.5 mM Glutamax (Gibco).

Transfection of cultured hippocampal neurons. Primary
embryonic hippocampal cultures were transfected after 14 days
in vitro using Lipofectamine 2000 (ThermoFischer Scientific)
according to the manufacturer’s instructions. We used 2 µl of
Lipofectamine and 1 µg plasmid-DNA as a combination of two
of the following plasmids per well (24-well plate, 0.5 µg + 0.5 µg):
EGFP-tagged ß-actin for fluorescence recovery after photobleaching
experiments or farnesylated-EGFP to visualize individual neurons
either combined with mApple (for controls) or combined with one
of the PFN2a gene replacement vectors. Cultures were then used for

Frontiers in Cell and Developmental Biology frontiersin.org02

Cornelius et al. 10.3389/fcell.2023.1107380

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1107380


experiments once PFN2a knockdown was complete—9 days after
transfection (Michaelsen-Preusse et al., 2016).

cLTP induction in primary embryonic hippocampal cultures.
All cells were incubated at room temperature for 20′ in 1x Hanks
Balanced Salt Solution (HBSS, Invitrogen; 37°C pre-heated) and
afterwards stimulated for 10′ using Mg2+-free HBSS containing
200 µM glycine and 3 µM strychnine. Immediately afterwards, the
Mg2+-free HBSS was replaced with normal HBSS and cells were
incubated for up to additional 50’.

cLTD induction in primary embryonic hippocampal cultures.
All cells were incubated at 37°C, 5% CO2 (vol/vol) and 99% humidity
in Neurobasal medium (Gibco) supplemented with 10% N2 (vol/
vol), 2% B27 (vol/vol) and 0.5 mM Glutamax (Gibco) containing
200 µM NMDA for 10’ (Michaelsen et al., 2010b). Afterwards, all
cells were incubated in similar environmental conditions for
additional 50’ in the same medium without NMDA.

2D gel electrophoresis and immunoblotting. PFN2a was detected
in hippocampal cell lysates. For 2D gel electrophoresis, the ZOOM
IPGRunner System (Invitrogen) was used according to
manufacturer’s instructions. Briefly, cells were lysed in HC buffer
(8 M urea, 2% CHAPS, 0.003 M TRIS, 0.0625M DTT) with protease
and phosphatase inhibitors as well as ampholytes and 15 µg total
protein sample were used for isoelectric focusing. Afterwards, the
strips were placed onto SDS-PAA gels and proteins were separated
according to their molecular weight through SDS-PAGE before being
blotted onto nitrocellulose membranes. PFN2a specific signals were
detected via polyclonal rabbit anti-PFN2a primary antibodies (anti-
PFN2a as361, 1:1000 (Murk et al., 2009)), anti-rabbit IgG-horse radish
peroxidase coupled secondary antibody treatment (1:20.000 Sigma
Aldrich A8275), subsequent HRP-substrate dependent signal
amplification (Luminata Crescendo Western HRP Substrate) and
X-ray film development. For analysis, intensity values of all
PFN2a-specific spots were totaled and intensity values of
individual dots were put into relation to total signal intensity.

Fluorescence recovery after photobleaching (FRAP). FRAP
experiments were performed using primary embryonic
hippocampal cultures (after 23 days in culture), in which
EGFP-tagged ß-actin fluorescence was bleached in individual
dendritic spines using the 405 nm laser line at a power of
2.3–3 mW (approx. 30%) for 150 ms. Simultaneously, EGFP
emission at 488 nm was recorded using a SIM scanner
(Olympus) and a time-lapse series was recorded for
app. 180 s following photobleaching with a time interval of 3 s
(65 images in total: five images pre-bleach, 60 post-bleach). All
images were analyzed using ImageJ software. In brief, mean
fluorescence intensity values for each time point were
normalized to average intensities derived from 5 pre-bleaching
images for each spine individually, and plotted against time.
Subsequently, utilizing the GraphPad Prism software, non-linear
curve fitting of net recovery curves after photobleaching were
calculated using the following equation: Y = Y0 + (Plateau −
Y0) × (1 − exp(−K × x)), where Y0 equals Y value at time point zero
after bleaching. The plateau corresponds to the Y value at infinite
times, and expressed as the fraction of fluorescence before
bleaching. This value was used for determining dynamic and
stable actin pools (the stable pool is the fraction of fluorescence
that does not recover within the imaging period of 3 min calculated
as 1 − (dynamic F-actin)), K is the rate constant, and τ is the time

constant, expressed in seconds; it is computed as the reciprocal of
K. From this equation, the actin turnover rate was calculated as the
time point at which 50% of pre-bleaching fluorescence levels were
reached.

Imaging and image analysis. Imaging was done with a confocal
laser scanning microscope (Olympus Fluoview1000) equipped with
20x (0.5 NA), 40x (1.3 NA) and 60x (1.0 NA) objectives or a Leica
TCS SP8 STED microscope equipped with 20x (0.75 NA), 93x
(1.3 NA) and 100x (1.4 NA) objectives and resulting images were
analyzed using ImageJ. For the analysis of dendritic spine properties,
we quantified average dendritic spine head diameters as well as total
number of dendritic spines (spine density: spines per µm dendrite)
on given dendritic segments.

Generation of a PFN2a surface model. To generate a PFN2a
surface model, the CCP4 Molecular Graphics Program was utilized
(v. 2.10.11) (McNicholas et al., 2011). Based on an available X-ray
structure of mouse PFN2a complexed with the PLP-domain of
VASP (RCSB Protein Data Bank: 2V8C) and based on previous
studies describing the respective binding sites of PFNs (Schutt et al.,
1993; Krishnan and Moens, 2009), the PIP2 binding site (R74, R88,
K90, K125, R136), the actin binding site (F59, V60, N61, K69, S71,
V72, I73, R74, E82, R88, K90, T97, N99, V118, H119, G121, M122,
N124, K125, Y128, E129) as well individual phosphorylable amino
acids (Y29, Y78, Y133, Ser137) were highlighted and color-coded in
CCP4MG for better visibility.

Data presentation and statistical analysis. If not specifically
stated otherwise, data are depicted as means ± SEMs and an α
level of p < 0.05 was used as criterion to reject the null hypothesis.
Comparisons between two different groups were done using
unpaired Student’s T-tests while comparisons of two or more
groups were analyzed by One-Way or Two-Way ANOVA. A
complete list of statistical tests and values can be found in
Supplementary Table S1.

3 Results

3.1 Replacement of endogenous PFN2a with
phospho-mutants alters hippocampal
dendritic spine properties

Multiple phosphorylation sites of PFN2a have been described
previously (Walter et al., 2020), however, the general
phosphorylation patterns (Nolle et al., 2011), the molecular
mechanisms mediating PFN2a (de)phosphorylation, and
especially the potential impact of PFN2a phosphorylation on
dendritic spine actin dynamics remain mostly elusive. Thus, at
first, we performed 2D gel electrophoresis and separated different
post-translationally modified PFN2a variants from hippocampal
lysates dependent on their isoelectric point and molecular weight.
Interestingly, under basal conditions, we found three different
phosphorylation patterns (Figure 1A Spots 1–3, left to right) and
~20% of PFN2a to be completely dephosphorylated (Figure 1A Spot
4) indicating that, in the hippocampus, PFN2a is predominantly
present in a phosphorylated state with a ratio of approximately 5:
1 between phosphorylated (pPFN2a) and dephosphorylated PFN2a.
In addition, the main proportion of PFN2a was found to be present
in two different phosphorylation patterns (Figure 1A Spot 2,3) while
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FIGURE 1
PFN2a modulates endogenous spine actin dynamics and dendritic spine morphology. (A) Separation of PFN2a by isoelectric point and molecular
weight via 2D gel electrophoresis with subsequent Western blot analysis to depict the basal phosphorylation states of PFN2a. For voluminetric analysis of
spot intensity N = 3 gels. (B) Fluorescence Recovery After Photobleaching (FRAP) experiments of EGFP-ß-actin depicting basal actin dynamics in
hippocampal neurons after 23 days in culture. Depicted are the recovery curves over a time course of 180s after the bleaching pulse of hippocampal
WT spines as well spines from neurons where PFN2a was knocked-down and replaced with either mApple (PFN2a KD) or wildtype PFN2a (PFN2a WT
mod). In addition, the quantification of the turnover time as well as the fraction of dynamic actin is depicted (resembling the amount of fluorescence
which recovered in the time period of 180s after the photobleach). n = 50 dendritic spines each. N = 3 experiments. (C) Analysis of dendritic spine density
and dendritic spine head diameter in hippocampal WT control, PFN2a knockdown as well as PFN2a WT mod re-expressing neurons. n = 15, 30,
30 dendrites respectively (1 dendrite was analyzed per neuron). N = 3 experiments. (D) Example images depicting a hippocampal neuron where PFN2a
was knocked down as indicated by expression of mApple. Scale bars - 10 µm (middle), 2 µm (bottom). (E) PFN2a surface model indicating the location of
the known phosphorylable amino acids Y29 (yellow), Y78 (light blue), Y133 (yellow) and S137 (red) that were targeted for the generation of PFN2a
phospho- and dephospho-mimetic mutants. To highlight their close proximity to known binding domains, the PFN2a actin-binding domain (grey), the
PIP2-binding domain (blue) as well as the PLP-binding domain (indicated via a VASP PLP-domain, yellow) weremarked as well. (F) Analysis of the average
dendritic spine head diameter of hippocampal neurons where endogenous PFN2a was replaced with one of the different PFN mutants. n = 15 (Ctrl), 30
(KD), 30 (WTmod), 30 (S137A), 30 (S137D) (1 dendrite was analyzed per neuron). N = 3 experiments. (G) Analysis of mApple mean fluorescence intensity in
the cell body of transfected hippocampal neurons where endogenous PFN2a had been replaced by PFN2a WT mod, S137A or S137D (9 days post-
transfection). Example images depict individual neurons co-transfected with EGFP and the different mApple-tagged PFN2a variants. Scale bars - 10 µm.
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hyperphosphorylated PFN2a made up only a very small proportion
(2.35% ± 2.13%, Figure 1A Spot 1). These observations suggest that
PFN2a is regulated by phosphorylation in vivo, potentially at
multiple phosphorylation sites simultaneously, indicating that
distinct phosphorylation patterns of PFN2a might also serve
individual roles in the cellular context by mediating PFN2a
function. Thus, to shed light on the importance of PFN2a
phosphorylation and individual PFN2a phosphorylation sites for
dendritic spine morphology and function, we generated different
mApple-tagged PFN2a phospho-mimetic and phospho-deficient
mutants to use them in a knock-down/knock-in approach to
replace endogenously expressed PFN2a in cultured hippocampal
neurons. However, at first, as a control, we knocked down
endogenous PFN2a and re-introduced unaltered wildtype PFN2a
(PFN2a WT mod) to confirm that the knock-down/knock-in
approach in itself had no effect on dendritic spine morphology
and function in general. We analyzed basal synaptic actin dynamics
via Fluorescence Recovery After Photobleaching experiments in
EGFP-tagged ß-actin expressing hippocampal neurons which
were either expressing mApple (Ctrl) or where endogenous
PFN2a was knocked down and which were either expressing
mApple only (pure PFN2a knock-down Ctrl ‘PFN2a KD’,
Figure 1D) or an mApple-tagged, knock-down resistant PFN2a
(PFN2a WT mod, Figure 1B). Notably, in comparison to

mApple-expressing hippocampal control neurons, the knock-
down of PFN2a altered basal actin dynamics prominently as it
significantly increased the turnover time (the time needed for a 50%
recovery of the initial fluorescence intensity) and significantly
decreased the proportion of dynamic actin (which recovers
within the imaging time window, Figure 1B). In addition, the
knockdown of PFN2a led to a significant increase in dendritic
spine number (Figure 1C) as well as a significant decrease of the
average dendritic spine head diameter (Figure 1C). Importantly,
however, all these phenotypes were rescued completely by re-
introducing wildtype PFN2a (PFN2a WT mod, Figures 1B, C)
indicating that the knock-down/knock-in in itself does not alter
basal actin dynamics or dendritic spine characteristics. Thus, as a
next step, based on previously identified PFN2a phosphorylation
sites (Walter et al., 2020) (Figure 1E), we generated mApple-tagged
PFN2a mutants mimicking a phosphorylation (PFN2a S137D) or a
dephosphorylation at S137 (PFN2a S137A), a site close to all
binding-pockets of PFN2a and known to influence binding
kinetics to all binding partners. Interestingly, knock-down/knock-
in using these mutants led to a significant decrease in dendritic spine
head diameter, similar to what was observed following PFN2a
knock-down (Figure 1F). Furthermore, to confirm that all PFN2a
knock-in variants are expressed at similar rates, we analyzed the
mean fluorescence intensity in the cell body of transfected

FIGURE 2
PFN2a regulates basal spine actin dynamics. (A) Fluorescence Recovery After Photobleaching (FRAP) experiments of EGFP-ß-actin analyzing basal
actin dynamics in hippocampal neurons after 23 days in culture. Depicted are the recovery curves over a time course of 180s after the bleaching pulse of
dendritic spines from hippocampal neurons where endogenous PFN2a was knocked down and replaced with WT PFN2a (PFN2a WT mod) or mApple
(PFN2a KD). n = 50 spines each. N = 3 experiments. Representative images show fluorescence levels derived from EGFP-ß-actin of an individual
dendritic spine before bleaching as well as during recovery of fluorescence over a time course of 180s after the bleaching pulse. Note that the data
depicted in (A) is based on the same data already shown in Figure 1B. (B, C) FRAP experiments comparing basal actin dynamics in dendritic spines from
PFN2a WTmod and (B) PFN2a S137A or (C) PFN2a S137D. N = 3 experiments. (D)Quantification of the turnover time. (E)Quantification of the amount of
fluorescence which recovered in the time period of 180s after the photobleach—the fraction of dynamic actin.
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hippocampal neurons 9 days after transfection (Figure 1G). Notably,
fluorescence intensities were nearly identical for PFN2a WT mod,
S137A as well as S137D.

3.2 Basal synaptic actin dynamics are
influenced by PFN2a phosphorylation

As our previous experiments suggested that PFN2a
phosphorylation has an impact on dendritic spine morphology,
we were interested in a next step how (de)phosphorylation might
influence basal spine actin dynamics as the underlying driving force
for morphological changes (Matus, 2000; Honkura et al., 2008;
Hotulainen and Hoogenraad, 2010). The knock-down of PFN2a
led to a significant increase in the F-actin turnover time compared to
PFN2a WT mod control cells (Figures 2A, F). In contrast to our
results obtained for spine head diameter, actin dynamics were
influenced differently by the PFN2a mutants. The F-actin
recovery curve for cells expressing the phospho-deficient mutant
PFN2a S137A showed a significant shift towards increased actin
dynamics (Two-Way ANOVA F = 8.65, df = 1, p = 0.0041,
Figure 2B), albeit no significant changes in F-actin turnover time
or the dynamic actin fraction were found (Figures 2F, G). Actin
dynamics were, however, completely unaltered in cells expressing
phospho-mimetic PFN2a S137D (Figures 2C, F, G). The proportion
of dynamic actin, however, was unaltered in both of the conditions
that were tested (Figure 2G).

3.3 Phosphorylation at S137 is needed for
early activity-dependent changes in
dendritic spine actin dynamics following LTP
induction

PFN2a was shown to be important for activity-dependent spine
head growth following the induction of long-term potentiation
(LTP) as well as for an activity-dependent modulation of spine
actin dynamics (Michaelsen-Preusse et al., 2016). We therefore
asked whether (de)phosphorylation at S137 might be one of the
underlying mechanismsmodulating dynamic actin during plasticity.
We focused especially on the early phase following LTP induction
(first 15’) as it is generally characterized by a very high degree of
active F-actin remodeling (Okamoto et al., 2004; Chen et al., 2015).
In line with this, the induction of cLTP in control neurons (PFN2a
WT mod) led to a significant increase of dynamic F-actin (Figures
3A, E, F). These modulations, however, could not be seen in PFN2a
deficient cells (PFN2a KD) highlighting the importance of PFN2a
for activity-dependent spine actin dynamics (Figures 3B, E, F).
Interestingly, substitution of endogenous PFN2a with phospho-
deficient PFN2a S137A prevented activity-dependent changes of
F-actin dynamics as well, as no alteration in the proportion of
dynamic actin and even a tendency to rather increased F-actin
turnover time could be observed (Figures 3C, E, F). Contrarily, in
comparison to PFN2a WT mod expressing control neurons, F-actin
dynamics following cLTP induction were unaltered in neurons
where the phospho-mimetic mutant PFN2a S137D was

FIGURE 3
PFN2a phosphorylation at S137 mediates activity-dependent spine actin dynamics. (A–D) Fluorescence Recovery After Photobleaching (FRAP)
experiments of EGFP-ß-actin analyzing actin dynamics 15′ post NMDAR-dependent cLTP induction in hippocampal neurons after 23 days in culture.
Depicted are the recovery curves over a time course of 180s after the bleaching pulse of dendritic spines from hippocampal neurons where endogenous
PFN2a was knocked down and replaced with (A)WT PFN2a (PFN2a WT mod), (B)mApple (PFN2a KD), (C) PFN2a S137A or (D) PFN2a S137D. n = 50
(Unstimulated), 25 (post cLTP) dendrites each. N= 3 experiments. (E)Quantification of the turnover time. (F)Quantification of the amount of fluorescence
which recovered in the time period of 180s after the photobleach - the dynamic fraction of actin.
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introduced as also here, a significant increase in the proportion of
dynamic actin was observed (Figures 3D–F).

3.4 Regulation of PFN2a S137 is crucial for
structural plasticity following LTP as well as
LTD induction

Since our FRAP experiments indicated that phosphorylation of
PFN2a at S137 indeed seems to be crucial for activity-dependent
modulations of synaptic actin in the early phases of LTP induction,
we tested next whether PFN2a S137 phosphorylation is also
mediating spine structural plasticity following LTP as well.
Therefore, we chemically induced NMDAR-dependent LTP in
primary dissociated hippocampal cultures as before and analyzed
the average dendritic spine head growth 60′ post LTP induction in
neurons where endogenous PFN2a was substituted with wildtype

PFN2a (PFN2a WT mod), mApple (PFN2a KD ‘knock-down
control’), PFN2a S137A or PFN2a S137D. In line with already
published data from our group (Michaelsen-Preusse et al., 2016),
the induction of cLTP led to a significant increase in the average
spine head diameter in PFN2a WT mod control neurons while the
knock-down of PFN2a abolished spine growth and even led to
significant spine shrinkage (Figures 4A, C). Interestingly, spine head
growth was also prevented in either PFN2a S137A or PFN2a S137D
expressing neurons.

As these results suggested that in order to mediate dendritic
spine growth, PFN2a needs to be accessible for phospho- or
dephosphorylation at S137 during the first 60’ post LTP
induction, we tested next whether this was also true for
induction of NMDAR-dependent long-term depression (LTD,
chemically induced). In contrast to NMDAR-dependent LTP, the
loss of PFN2a did not prevent spine head plasticity (Figures 4B, C).
A significant reduction in spine head diameter was also observed in

FIGURE 4
Regulation of PFN2a phosphorylation at S137 is essential for structural plasticity following NMDAR-dependent cLTP as well as cLTD induction. (A)
Average dendritic spine head diameter 60′ post NMDAR-dependent cLTP induction of spines from hippocampal neurons where endogenous PFN2a had
been replaced either bymApple (KD), WT PFN2a (WTmod), PFN2a S137A or PFN2a S137D. n = 30 (Unstimulated), 15 (cLTP) dendrites each (1 dendrite was
analyzed per neuron). N = 3 experiments. (B) Average dendritic spine head diameter 60′ post NMDAR-dependent cLTD induction of spines from
hippocampal neurons where endogenous PFN2a had been replaced either by mApple (KD), WT PFN2a (WT mod), PFN2a S137A or PFN2a S137D. n = 30
(Unstimulated), 15 (cLTD) dendrites each (1 dendrite was analyzed per neuron). N = 3 experiments. Note that, although spine shrinkage could be observed
under all experimental conditions, when comparing the percentage of spine head shrinkage following cLTD induction, spine shrinkage was significantly
reduced by ~50% in neurons expressing the PFN2a S137D phospho-mimetic. (C) Example images depicting individual dendritic stretches from
hippocampal neurons where endogenous PFN2a had been replaced either by mApple (KD), WT PFN2a (WT mod), PFN2a S137A or PFN2a S137D either
unstimulated or 60′ post NMDAR-LTP or NMDAR-LTD induction. Scale bars - 1 µm.
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neurons expressing any of the two phospho-mutants, however, spine
shrinkage was reduced by 50% in case of the phospho-mimetic
PFN2a S137D.

In summary, our results suggest a phosphorylation at the
S137 side of PFN2a leads to a status-dependent regulation of
dendritic spine actin dynamics in order to mediate synaptic
plasticity mechanisms in dendritic spines of hippocampal neurons.

4 Discussion

The phosphorylation of PFN2a atmultiple amino acid residues and
the resulting modulation of PFN2a function in the cellular context by
alteration of binding kinetics to other interaction partners has already
been shown and described previously (Walter et al., 2020). However,
whether the regulation of PFN2a function through phosphorylation
plays an essential role for neuronal plasticity mechanisms could not yet
be directly shown. Therefore, at first, to assess the general
phosphorylation status of PFN2a phosphorylation, we used 2D gel
electrophoresis to analyze hippocampal lysates. Expanding previous
studies (Da Silva et al., 2003), also including work from our own lab
(Schweinhuber et al., 2015), we could show that PFN2a is modified by
three different degrees of phosphorylation in vivo. Although these
results clearly confirm that PFN2a phosphorylation is of importance in
vivo, they do not offer evidence on which amino acids of PFN2a are
actually phosphorylated and how these phosphorylation states are
characterized. Thus, we aimed at analyzing the role of PFN2a
phosphorylation more directly, at individual known and previously
described phosphorylation sites (Walter et al., 2020). We utilized
phospho-mimetic (S137D) or phospho-deficient (S137A) PFN2a
S137 mutants, and first analyzed their impact on basal dendritic
spine properties and spine actin dynamics. Phosphorylation at
S137 is closely localized to both, the PLP- as well as the PIP2-
binding pockets of PFN2a and can thereby modulate binding
characteristics to most PFN2a interaction partners, offering a high
degree of regulatory potential (Walter et al., 2020). As described
previously (Michaelsen et al., 2010a), we utilized an experimental
knock-down/knock-in approach that depletes endogenous PFN2a
and at the same time allows for the expression of RNAi resistant
wildtype PFN2a (as a control), or the different S137mutants.While the
pure PFN2a knock-down had profound effects on both, basal actin
dynamics as well as spine density and average spine head diameter, all
these phenotypes could be completely rescued through re-introduction
of wildtype PFN2a suggesting reconstitution with exogenous PFN2a
was indeed possible. This allowed us to analyze the individual PFN2a
S137 mutants in more detail. Interestingly, both mutants analyzed
resulted in a significant decrease in the average diameter of the dendritic
spine head upon substitution of endogenous PFN2a, similar to the
phenotype in PFN2a knockdown neurons, indicating that
phosphorylation at S137 is indeed important in vivo and that
functional regulation of PFN2a via phosphorylation is required for
the regulation of dendritic spine morphology.

In order to reveal potential mechanisms how PFN2a
phosphorylation is involved in regulating spine morphology, we
studied spine actin dynamics. Interestingly, with regard to a specific
regulation via phosphorylation at S137, our results suggest that in
hippocampal neurons, under basal conditions, S137 is predominantly
phosphorylated since a substitution of endogenous PFN2a with

phospho-deficient PFN2a S137A significantly altered spine actin
dynamics while a substitution with phospho-mimetic PFN2a S137D
had no influence on dynamic actin in spines. Hence, for basal actin
dynamics, phosphorylation of PFN2a at S137 seems to be important.

Our results further indicate that this holds also true for activity-
dependentmodulation of spine actin dynamics in the early phase after
LTP induction. 15′ following NMDAR-dependent cLTP induction,
spine actin dynamics were similar to control neurons in cells
expressing PFN2a S137D, whereas the activity-dependent
modulation of dynamic actin in spines was impaired in neurons
expressing PFN2a S137A. This suggests that phosphorylation of
PFN2a at S137 is also needed for the modulation of dynamic actin
during the early phase of synaptic plasticity. Interestingly, when
structural plasticity was analyzed 60′ following NMDAR-
dependent cLTP induction, spine head growth was prevented by
the expression of phospho-deficient PFN2a S137A, but also phospho-
mimetic PFN2a S137D. Thus, although basal actin dynamics as well as
the early phase of synaptic plasticity were unaltered in neurons
expressing the phospho-mimetic mutant, structural plasticity and a
long-lasting, actin-dependent spine growth could not be induced. This
suggests that sometime between 15′ and 60’ post LTP induction,
S137 must be dephosphorylated for structural plasticity to occur.

Our experiments so far showed a crucial regulation of PFN2a
function by phosphorylation under basal conditions as well as
during LTP. We were therefore interested whether PFN2a might
be also involved in NMDAR-dependent LTD. Interestingly, in
PFN2a-deficient neurons, spine shrinkage 60’ following cLTD
induction was similar to control cells. Spine shrinkage was also
unaltered when substituting endogenous PFN2a with phospho-
deficient PFN2a S137A. It was, however, reduced to ~50%
following substitution by phospho-mimetic PFN2a S137D.
Hence, dephosphorylation of PFN2a seems to be important in a
bidirectional manner in order to allow for spine structural changes
to occur following LTP as well as LTD induction.

Overall, these results suggest that PFN2a phosphorylation is an
essential mechanism to mediate PFN2a function in order to
modulate spine actin dynamics in hippocampal neurons in vivo
and propose that a regulation of PFN2a function through
phosphorylation at S137 is crucial for an activity-dependent
remodeling of spine actin dynamics during LTP and LTD. In
general, our data lead to the following model: Under basal
conditions, S137 seems to be phosphorylated. Hence, since
previous studies showed that phosphorylation at S137 decreases
PFN2a binding to both, PLP- as well as PIP2-binding partners
(Walter et al., 2020), PFN2a might be kept in a state where the
potential to boost actin dynamics (especially through interactions
with PLP-containing ligands) is not fully exploited. In line with this,
our results suggest that following induction of LTP, between 15′ and
60’ post-stimulus, S137 needs to be dephosphorylated which would,
theoretically, provide more available PFN2a to PLP-ligands, thereby
boosting F-actin polymerization. Further supporting this, the late
phase of LTP is especially characterized by a shift in the F-to-G-actin
equilibrium towards F-actin (Okamoto et al., 2004) which is believed
to provide the core stability and strength needed for long-term
dendritic spine growth through actin remodeling. In addition,
previous work could show that an increase of F-actin
polymerization alone can convert early-into late-LTP (Huang
et al., 2013). Therefore, strengthening previous observations that
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a lack of PFN2a almost completely abolishes structural plasticity,
PFN2a might be specifically recruited to boost F-actin dynamics
during activity-dependent actin modifications following LTP
induction through a targeted dephosphorylation of S137. Which
kinases and phosphatases are mediating these regulations, however,
remains speculative. So far, three kinases where shown to
phosphorylate S137 at PFN2a: the protein kinase A
(Schweinhuber et al., 2015), the ROCK II kinase (Witke et al.,
1998) as well as the protein kinase C (which only phosphorylates
PIP2-bound PFN2a—potentially as a mechanism to release it from
the membrane) (Hansson et al., 1988; Singh et al., 1996). However,
no phosphatase could be identified to reverse this modification up
until now, at least not for PFN2a. For S137 of PFN1, it was shown
that it is dephosphorylated by the protein phosphatase 1 (PP1) (Shao
and Diamond, 2012). If PP1 is also able to dephosphorylate PFN2a
S137 could not yet be confirmed. Our data, however, might indeed
suggest such a model as, in line with our observations of
phosphorylated S137 during early-LTP, PP1 is kept inactive
during LTP (Blitzer et al., 1998) and vice versa, PP1 is activated
following LTD induction (Mulkey et al., 1993; Thiels et al., 1998)
which would fit to our hypothesis that during LTD, PFN2a S137 gets
dephosphorylated. Intriguingly, a similar regulatory switch
mechanism has already been described for PP1 and its
modulation of Ca2+/calmodulin (CaM)-dependent protein kinase
II activity during processes of functional plasticity, like LTP and
LTD (Lisman and Zhabotinsky, 2001; Munton et al., 2004).

Taken together, our data show that targeted (de)
phosphorylation of PFN2a at S137 modulates PFN2a function
which is needed for bidirectional structural plasticity at dendritic
spines following NMDAR-dependent LTP and LTD.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by
Niedersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit (LAVES), Oldenburg.

Author contributions

Conceptualization: KM-P, MR, and MK; Experimental work: JC
and SH; Writing—original draft preparation: JC; Writing—review
and editing: KM-P, MR, and MK. All authors have read and agreed
to the published version of the manuscript.

Funding

This work was supported by the Deutsche
Forschungsgemeinschaft, DFG, KO 1674/17-1 and DFG, KO
1674/16-1.

Acknowledgments

We thank D. Mundil and T. Meßerschmidt for excellent
technical assistance. We acknowledge support by the Open
Access Publication Funds of Technische Universität Braunschweig.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1107380/
full#supplementary-material

References

Ackermann, M., and Matus, A. (2003). Activity-induced targeting of profilin and
stabilization of dendritic spinemorphology.Nat. Neurosci. 6, 1194–1200. doi:10.1038/nn1135

Birbach, A., Verkuyl, J. M., and Matus, A. (2006). Reversible, activity-dependent
targeting of profilin to neuronal nuclei. Exp. Cell Res. 312, 2279–2287. doi:10.1016/j.
yexcr.2006.03.026

Blitzer, R. D., Connor, J. H., Brown, G. P., Wong, T., Shenolikar, S., Iyengar, R., et al.
(1998). Gating of CaMKII by cAMP-regulated protein phosphatase activity during LTP.
Science 280, 1940–1942. doi:10.1126/science.280.5371.1940

Boshart, M., Weber, F., Jahn, G., Dorsch-Hasler, K., Fleckenstein, B., and Schaffner,
W. (1985). A very strong enhancer is located upstream of an immediate early gene of
human cytomegalovirus. Cell 41, 521–530. doi:10.1016/s0092-8674(85)80025-8

Chang, F., Woollard, A., and Nurse, P. (1996). Isolation and characterization of fission
yeast mutants defective in the assembly and placement of the contractile actin ring.
J. Cell Sci. 109 (1), 131–142. doi:10.1242/jcs.109.1.131

Chen, J. H., Kellner, Y., Zagrebelsky, M., Grunwald, M., Korte, M., and Walla, P. J.
(2015). Two-photon correlation spectroscopy in single dendritic spines reveals fast actin
filament reorganization during activity-dependent growth. PLoS One 10, e0128241.
doi:10.1371/journal.pone.0128241

Da Silva, J. S., Medina, M., Zuliani, C., Di Nardo, A., Witke, W., and Dotti, C. G.
(2003). RhoA/ROCK regulation of neuritogenesis via profilin IIa-mediated control of
actin stability. J. Cell Biol. 162, 1267–1279. doi:10.1083/jcb.200304021

Goldschmidt-Clermont, P. J., Furman, M. I., Wachsstock, D., Safer, D., Nachmias, V.
T., and Pollard, T. D. (1992). The control of actin nucleotide exchange by thymosin beta
4 and profilin. A potential regulatory mechanism for actin polymerization in cells.Mol.
Biol. Cell 3, 1015–1024. doi:10.1091/mbc.3.9.1015

Hansson, A., Skoglund, G., Lassing, I., Lindberg, U., and Ingelman-Sundberg, M.
(1988). Protein kinase C-dependent phosphorylation of profilin is specifically
stimulated by phosphatidylinositol bisphosphate (PIP2). Biochem. Biophys. Res.
Commun. 150, 526–531. doi:10.1016/0006-291x(88)90425-1

Frontiers in Cell and Developmental Biology frontiersin.org09

Cornelius et al. 10.3389/fcell.2023.1107380

https://www.frontiersin.org/articles/10.3389/fcell.2023.1107380/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1107380/full#supplementary-material
https://doi.org/10.1038/nn1135
https://doi.org/10.1016/j.yexcr.2006.03.026
https://doi.org/10.1016/j.yexcr.2006.03.026
https://doi.org/10.1126/science.280.5371.1940
https://doi.org/10.1016/s0092-8674(85)80025-8
https://doi.org/10.1242/jcs.109.1.131
https://doi.org/10.1371/journal.pone.0128241
https://doi.org/10.1083/jcb.200304021
https://doi.org/10.1091/mbc.3.9.1015
https://doi.org/10.1016/0006-291x(88)90425-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1107380


Honkura, N., Matsuzaki, M., Noguchi, J., Ellis-Davies, G. C., and Kasai, H. (2008).
The subspine organization of actin fibers regulates the structure and plasticity of
dendritic spines. Neuron 57, 719–729. doi:10.1016/j.neuron.2008.01.013

Hotulainen, P., and Hoogenraad, C. C. (2010). Actin in dendritic spines: Connecting
dynamics to function. J. Cell Biol. 189, 619–629. doi:10.1083/jcb.201003008

Huang, W., Zhu, P. J., Zhang, S., Zhou, H., Stoica, L., Galiano, M., et al. (2013).
mTORC2 controls actin polymerization required for consolidation of long-term
memory. Nat. Neurosci. 16, 441–448. doi:10.1038/nn.3351

Jockusch, B. M., Murk, K., and Rothkegel, M. (2007). The profile of profilins. Rev.
Physiol. Biochem. Pharmacol. 159, 131–149. doi:10.1007/112_2007_704

Krishnan, K., andMoens, P. D. J. (2009). Structure and functions of profilins. Biophys.
Rev. 1, 71–81. doi:10.1007/s12551-009-0010-y

Lambrechts, A., Verschelde, J. L., Jonckheere, V., Goethals, M., Vandekerckhove, J.,
and Ampe, C. (1997). The mammalian profilin isoforms display complementary
affinities for PIP2 and proline-rich sequences. EMBO J. 16, 484–494. doi:10.1093/
emboj/16.3.484

Lassing, I., and Lindberg, U. (1985). Specific interaction between
phosphatidylinositol 4,5-bisphosphate and profilactin. Nature 314, 472–474.
doi:10.1038/314472a0

Lisman, J. E., and Zhabotinsky, A. M. (2001). A model of synaptic memory: A
CaMKII/PP1 switch that potentiates transmission by organizing an AMPA
receptor anchoring assembly. Neuron 31, 191–201. doi:10.1016/s0896-6273(01)
00364-6

Machesky, L. M., Atkinson, S. J., Ampe, C., Vandekerckhove, J., and Pollard, T. D.
(1994). Purification of a cortical complex containing two unconventional actins from
Acanthamoeba by affinity chromatography on profilin-agarose. J. Cell Biol. 127,
107–115. doi:10.1083/jcb.127.1.107

Mammoto, A., Sasaki, T., Asakura, T., Hotta, I., Imamura, H., Takahashi, K., et al.
(1998). Interactions of drebrin and gephyrin with profilin. Biochem. Biophys. Res.
Commun. 243, 86–89. doi:10.1006/bbrc.1997.8068

Matus, A. (2000). Actin-based plasticity in dendritic spines. Science 290, 754–758.
doi:10.1126/science.290.5492.754

Mcnicholas, S., Potterton, E., Wilson, K. S., and Noble, M. E. (2011). Presenting your
structures: The CCP4mg molecular-graphics software. Acta Crystallogr. D. Biol.
Crystallogr. 67, 386–394. doi:10.1107/S0907444911007281

Michaelsen, K., Murk, K., Zagrebelsky, M., Dreznjak, A., Jockusch, B. M.,
Rothkegel, M., et al. (2010a). Fine-tuning of neuronal architecture requires two
profilin isoforms. Proc. Natl. Acad. Sci. U. S. A. 107, 15780–15785. doi:10.1073/pnas.
1004406107

Michaelsen, K., Zagrebelsky, M., Berndt-Huch, J., Polack, M., Buschler, A., Sendtner,
M., et al. (2010b). Neurotrophin receptors TrkB.T1 and p75NTR cooperate in
modulating both functional and structural plasticity in mature hippocampal
neurons. Eur. J. Neurosci. 32, 1854–1865. doi:10.1111/j.1460-9568.2010.07460.x

Michaelsen-Preusse, K., Zessin, S., Grigoryan, G., Scharkowski, F., Feuge, J., Remus,
A., et al. (2016). Neuronal profilins in health and disease: Relevance for spine plasticity
and Fragile X syndrome. Proc. Natl. Acad. Sci. U. S. A. 113, 3365–3370. doi:10.1073/
pnas.1516697113

Miki, H., Suetsugu, S., and Takenawa, T. (1998). WAVE, a novel WASP-family
protein involved in actin reorganization induced by Rac. EMBO J. 17, 6932–6941.
doi:10.1093/emboj/17.23.6932

Mulkey, R. M., Herron, C. E., and Malenka, R. C. (1993). An essential role for protein
phosphatases in hippocampal long-term depression. Science 261, 1051–1055. doi:10.
1126/science.8394601

Munton, R. P., Vizi, S., andMansuy, I. M. (2004). The role of protein phosphatase-1 in
the modulation of synaptic and structural plasticity. FEBS Lett. 567, 121–128. doi:10.
1016/j.febslet.2004.03.121

Murk, K., Buchmeier, S., Jockusch, B. M., and Rothkegel, M. (2009). In birds, profilin-
2a is ubiquitously expressed and contributes to actin-based motility. J. Cell Sci. 122,
957–964. doi:10.1242/jcs.041715

Neuhoff, H., Sassoe-Pognetto, M., Panzanelli, P., Maas, C., Witke, W., and Kneussel,
M. (2005). The actin-binding protein profilin I is localized at synaptic sites in an
activity-regulated manner. Eur. J. Neurosci. 21, 15–25. doi:10.1111/j.1460-9568.2004.
03814.x

Nolle, A., Zeug, A., Van Bergeijk, J., Tonges, L., Gerhard, R., Brinkmann, H., et al.
(2011). The spinal muscular atrophy disease protein SMN is linked to the Rho-
kinase pathway via profilin. Hum. Mol. Genet. 20, 4865–4878. doi:10.1093/hmg/
ddr425

Okamoto, K., Nagai, T., Miyawaki, A., and Hayashi, Y. (2004). Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization underlying
bidirectional plasticity. Nat. Neurosci. 7, 1104–1112. doi:10.1038/nn1311

Reinhard, M., Giehl, K., Abel, K., Haffner, C., Jarchau, T., Hoppe, V., et al. (1995). The
proline-rich focal adhesion and microfilament protein VASP is a ligand for profilins.
EMBO J. 14, 1583–1589. doi:10.1002/j.1460-2075.1995.tb07146.x

Schutt, C. E., Myslik, J. C., Rozycki, M. D., Goonesekere, N. C., and Lindberg, U.
(1993). The structure of crystalline profilin-beta-actin. Nature 365, 810–816. doi:10.
1038/365810a0

Schweinhuber, S. K., Messerschmidt, T., Hansch, R., Korte, M., and Rothkegel, M.
(2015). Profilin isoforms modulate astrocytic morphology and the motility of astrocytic
processes. PLoS One 10, e0117244. doi:10.1371/journal.pone.0117244

Shao, J., and Diamond, M. I. (2012). Protein phosphatase 1 dephosphorylates profilin-
1 at Ser-137. PLoS One 7, e32802. doi:10.1371/journal.pone.0032802

Singh, S. S., Chauhan, A., Murakami, N., Styles, J., Elzinga, M., and Chauhan, V. P.
(1996). Phosphoinositide-dependent in vitro phosphorylation of profilin by protein
kinase C. Phospholipid specificity and localization of the phosphorylation site. Recept
Signal Transduct. 6, 77–86.

Sungur, A. O., Zeitouny, C., Gabele, L., Metz, I., Wohr, M., Michaelsen-Preusse, K.,
et al. (2022). Transient reduction in dendritic spine density in brain-specific
profilin1 mutant mice is associated with behavioral deficits. Front. Mol. Neurosci.
15, 952782. doi:10.3389/fnmol.2022.952782

Thiels, E., Norman, E. D., Barrionuevo, G., and Klann, E. (1998). Transient and
persistent increases in protein phosphatase activity during long-term depression in the
adult hippocampus in vivo. Neuroscience 86, 1023–1029. doi:10.1016/s0306-4522(98)
00135-3

Walter, L. M., Franz, P., Lindner, R., Tsiavaliaris, G., Hensel, N., and Claus, P. (2020).
Profilin2a-phosphorylation as a regulatory mechanism for actin dynamics. FASEB J. 34,
2147–2160. doi:10.1096/fj.201901883R

Witke, W., Podtelejnikov, A. V., Di Nardo, A., Sutherland, J. D., Gurniak, C. B., Dotti,
C., et al. (1998). In mouse brain profilin I and profilin II associate with regulators of the
endocytic pathway and actin assembly. EMBO J. 17, 967–976. doi:10.1093/emboj/17.
4.967

Frontiers in Cell and Developmental Biology frontiersin.org10

Cornelius et al. 10.3389/fcell.2023.1107380

https://doi.org/10.1016/j.neuron.2008.01.013
https://doi.org/10.1083/jcb.201003008
https://doi.org/10.1038/nn.3351
https://doi.org/10.1007/112_2007_704
https://doi.org/10.1007/s12551-009-0010-y
https://doi.org/10.1093/emboj/16.3.484
https://doi.org/10.1093/emboj/16.3.484
https://doi.org/10.1038/314472a0
https://doi.org/10.1016/s0896-6273(01)00364-6
https://doi.org/10.1016/s0896-6273(01)00364-6
https://doi.org/10.1083/jcb.127.1.107
https://doi.org/10.1006/bbrc.1997.8068
https://doi.org/10.1126/science.290.5492.754
https://doi.org/10.1107/S0907444911007281
https://doi.org/10.1073/pnas.1004406107
https://doi.org/10.1073/pnas.1004406107
https://doi.org/10.1111/j.1460-9568.2010.07460.x
https://doi.org/10.1073/pnas.1516697113
https://doi.org/10.1073/pnas.1516697113
https://doi.org/10.1093/emboj/17.23.6932
https://doi.org/10.1126/science.8394601
https://doi.org/10.1126/science.8394601
https://doi.org/10.1016/j.febslet.2004.03.121
https://doi.org/10.1016/j.febslet.2004.03.121
https://doi.org/10.1242/jcs.041715
https://doi.org/10.1111/j.1460-9568.2004.03814.x
https://doi.org/10.1111/j.1460-9568.2004.03814.x
https://doi.org/10.1093/hmg/ddr425
https://doi.org/10.1093/hmg/ddr425
https://doi.org/10.1038/nn1311
https://doi.org/10.1002/j.1460-2075.1995.tb07146.x
https://doi.org/10.1038/365810a0
https://doi.org/10.1038/365810a0
https://doi.org/10.1371/journal.pone.0117244
https://doi.org/10.1371/journal.pone.0032802
https://doi.org/10.3389/fnmol.2022.952782
https://doi.org/10.1016/s0306-4522(98)00135-3
https://doi.org/10.1016/s0306-4522(98)00135-3
https://doi.org/10.1096/fj.201901883R
https://doi.org/10.1093/emboj/17.4.967
https://doi.org/10.1093/emboj/17.4.967
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1107380

	Phosphorylation of the actin-binding protein profilin2a at S137 modulates bidirectional structural plasticity at dendritic  ...
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Replacement of endogenous PFN2a with phospho-mutants alters hippocampal dendritic spine properties
	3.2 Basal synaptic actin dynamics are influenced by PFN2a phosphorylation
	3.3 Phosphorylation at S137 is needed for early activity-dependent changes in dendritic spine actin dynamics following LTP  ...
	3.4 Regulation of PFN2a S137 is crucial for structural plasticity following LTP as well as LTD induction

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


