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Abstract

The phosphorylation state of PSD-95 at Serine 295 (Ser295) is important for the regulation

of synaptic plasticity. Although the activation of NMDA receptors (NMDARs), which initiates

an intracellular calcium signaling cascade, decreases phosphorylated Ser295 (pS295) of

PSD-95, the molecular mechanisms are not fully understood. We found that the calcium-

activated protein phosphatase PP2B dephosphorylated pS295 not only in basal conditions

but also in NMDAR-activated conditions in cultured neurons. The biochemical assay also

revealed the dephosphorylation of pS295 by PP2B, consistently supporting the results

obtained using neurons. The newly identified calcium signaling cascade “Ca2+-PP2B-PSD-

95 axis” would play an important role in the molecular mechanism for NMDA receptor-

dependent plasticity.

Introduction

The excitatory synaptic transmission is virtually mediated by AMPA-type glutamate receptors

(AMPARs) and the regulation of their surface expression at postsynaptic sites is crucial not

only for basal synaptic transmission but also for synaptic plasticity, such as long-term potentia-

tion (LTP) and long-term depression (LTD) [1–5]. NMDA receptors, glutamate-gated cal-

cium-permeable ion channels, play pivotal roles in triggering synaptic plasticity [2,4,6]. Thus,

the activity-dependent influx of calcium ions through NMDA receptors and downstream cal-

cium signaling cascades are expected to affect the machinery that regulates surface expression

of AMPARs [6–9]. However, the precise molecular basis remains elusive.

At postsynaptic sites, a wide variety of membrane proteins and signal transduction proteins

are organized into a functional macromolecular complex [3,8,10–14]. In this process, PSD-95,

a most extensively studied scaffold protein at the postsynaptic sites, plays central roles in

assembling the multiple proteins for synaptic transmission [11–16]. For example, PDZ

domains of PSD-95 interact with TARPs, an auxiliary subunit of AMPARs, contributing to the

surface expression of AMPARs at the postsynaptic membrane [17–19]. It is reported that an

increase of the expression of PSD-95 in neurons facilitates surface expression of AMPARs at
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the synaptic membranes and also enhances synaptic transmission mediated by AMPARs

[18,20]. In contrast, decrease of PSD-95 downregulates them [21,22].

The growing body of evidence showing that PSD-95 is a critical regulator for the strength of

synaptic transmission through association with AMPARs indicates that identification of the

regulatory mechanisms affecting the properties of PSD-95 is an important issue for under-

standing the molecular basis for synaptic plasticity. To date, several studies have revealed that

the localization and mobility of PSD-95 in the postsynaptic site are regulated by the phosphor-

ylation at Serine 295 (Ser295) [23,24], and that c-Jun NH2-terminal kinases (JNKs) phosphor-

ylates this site [23]. It is also shown that this modification regulates the localization of

AMPARs at postsynaptic sites in NMDA-triggered LTD [23,24]. Furthermore, it is reported

that activation of NMDA receptors drastically decreases the phosphorylated isoform of Ser295

(pS295) [23,24]. Because activation of NMDA receptors triggers an influx of extracellular cal-

cium ions via NMDA receptors, we speculate that dephosphorylation of pS295 of PSD-95 is

likely to be calcium-dependent.

PP2B (protein phosphatase 2B, also known as calcineurin), a heterodimer composed of cat-

alytic (PP2B-A) and regulatory (PP2B-B) subunits, is a calcium/calmodulin-activated serine/

threonine phosphatase conserved among eukaryotes. When intracellular calcium concentra-

tion is increased, calcium-sensing protein calmodulin (CaM) binds to Ca2+ ions with its Ca2

+-binding domain called EF-hand, then Ca2+/CaM activates PP2B via binding to PP2B-A sub-

unit [25,26]. It is noteworthy that PP2B plays an important role in synaptic plasticity including

NMDA receptor-dependent LTD [26–32]. These results inspired us to hypothesize that the

calcium-activated phosphatase PP2B regulates the phosphorylation state at Ser295 of PSD-95.

To test this hypothesis, we carefully evaluate the role of PP2B in the regulation of the phos-

phorylation state at Ser295 of PSD-95.

Here, we show that distinct types of PP2B inhibitors increased pS295 of PSD-95 without

apparent JNK activation in cultured mouse cortical neurons. The increased pS295 was also

observed when an influx of calcium ions into neurons was inhibited using the calcium chelator

EGTA. We also detected the contribution of PP2B during the NMDA-induced decrease of

pS295. In addition to these results obtained in neurons, the biochemical analysis revealed that

PP2B dephosphorylated endogenous pS295 of PSD-95 in mouse brain extracts. Our results

suggest that the novel signaling cascade “Ca2+-PP2B-PSD-95 axis” is an important molecular

basis for the regulation of synaptic plasticity.

Results

Inhibition of PP2B activity increases phospho-S295 of PSD-95 in primary

cultures without JNK activation

In order to test whether PP2B regulates the phosphorylation state at Ser295 of PSD-95, mouse

cortical neurons were treated with FK506, a commonly used PP2B inhibitor, and phospho-

S295 of PSD-95 (pS295) was measured by Western-blot analyses. Because it is known that JNK

phosphorylates S295 of PSD-95, we also measured an active form of JNK by detecting phos-

pho-JNK (pJNK). As shown in Fig 1A–1C, the pS295 signal was apparently increased by the

FK506 treatment without JNK activation. Similar results were observed using other PP2B

inhibitors, cyclosporin A (CsA) (Fig 1D–1F) and FK506 analog ascomycin (Fig 1G–1I), sug-

gesting that PP2B dephosphorylates S295 of PSD-95.

Because PP1 and PP2A are also suggested to be involved in the dephosphorylation of S295

of PSD-95 [23], we tested whether this is the case in our primary cultures. As shown in S1 Fig,

pS295 of PSD-95 was increased by the PP1/PP2A inhibitor calyculin A where JNK activation
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concomitantly occurred, suggesting that PP1/PP2A could indirectly regulate pS295 by regulat-

ing activities of JNK.

Calcium influx causes PP2B-mediated dephosphorylation of pS295 of PSD-

95

If PP2B truly dephosphorylates pS295 of PSD-95 in vivo, it is expected that the inhibition of

calcium influx would also increase pS295 of PSD-95, because PP2B is a calcium-dependent

protein phosphatase. To test this possibility, the effect of chelation of extracellular calcium by

EGTA on pS295 of PSD-95 was examined. As shown in Fig 2A–2C, EGTA treatment increased

pS295 without JNK activation, strongly suggesting that calcium influx induces dephosphoryla-

tion of pS295 of PSD-95 via PP2B activation.

Fig 1. PP2B inhibitors increase phosphorylated Ser295 of PSD-95 in cultured mouse cortical neurons. (A) Western-blot analyses of phosphorylated Ser295

of PSD-95 (pS295), total PSD-95, an active form of JNK1 (p-JNK1) and total JNK1 in untreated (DMSO) and FK506-treated (2 μM, 45 min) primary mouse

cortical neurons. (B, C) Quantification of pS295/PSD-95 (B) and pJNK1/JNK1 (C) with the FK506 treatment relative to the untreated condition (DMSO)

shown in (A). (D-F) Western-blot analysis (D) and quantification (E, F) of cyclosporin A (CsA)-treated (2 μM, 45 min) neurons. (G-I) Western-blot analysis

(G) and quantification (H, I) of ascomycin-treated (2 μM, 45 min) neurons. The data are represented as the mean ± standard deviation overlaid with individual

data points (n = 4, each). ***P< 0.001 by the unpaired Student’s t-test; n.s., not significant.

https://doi.org/10.1371/journal.pone.0313441.g001
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If calcium influx causes PP2B-mediated dephosphorylation of pS295 of PSD-95, it is

expected that chelation of extracellular calcium occludes the effect of PP2B inhibition by the

PP2B inhibitor. As shown in Fig 2D and 2E, PP2B inhibition by CsA did not increase pS295 of

PSD-95 in the presence of EGTA. Thus, the chelation of extracellular calcium by EGTA

occludes the effect of PP2B inhibition, indicating that calcium influx induces PP2B-mediated

dephosphorylation of pS295 of PSD-95.

PP2B is involved in NMDA-induced dephosphorylation of pS295 of PSD-

95

It is reported that repression of NMDA-type glutamate receptors (NMDARs) using their

antagonist D-APV increases pS295 of PSD-95, whereas the activation of NMDARs using their

agonist NMDA decreases pS295 of PSD-95 [23,24], indicating that NMDARs play a pivotal

role in the regulation of pS295 of PSD-95. Taking into consideration that activation of

NMDARs induces calcium influx and that PP2B is a Ca2+-activated protein phosphatase, it is

quite rational to hypothesize that the NMDA-induced decrease of pS295 of PSD-95 is medi-

ated by PP2B. To test this hypothesis, primary neuronal cultures were pretreated with PP2B

inhibitors followed by NMDA treatment and examined whether the PP2B inhibitors sup-

pressed NMDA-induced dephosphorylation of pS295 of PSD-95 (Fig 3). To suppress the PP2B

Fig 2. Influx of extracellular calcium activates PP2B. (A) Western-blot analyses of phosphorylated Ser295 of PSD-95 (pS295), total PSD-95, an active form of

JNK1 (pJNK1) and total JNK1 in untreated (control) and EGTA-treated (2.5 mM, 1 h) primary mouse cortical neurons. (B, C) Quantification of pS295/PSD-95

(B) and pJNK1/JNK1 (C) with the EGTA treatment relative to the untreated condition (control) shown in (A). The data are represented as the mean ± standard

deviation overlaid with individual data points (n = 4). ***P< 0.001 by the unpaired Student’s t-test; n.s., not significant. (D, E) Pretreatment by EGTA (2.5

mM, 45 min) before CsA treatment (2 μM, 45 min) occluded the effect of CsA. The data are represented as the mean ± standard deviation overlaid with

individual data points (n = 4 from two independent experiments). ***P< 0.001 by two-way ANOVA with the post-hoc Tukey’s multiple comparison test; n.s.,

not significant. F(1,12) = 68.97, P< 0.0001 for EGTA, F(1,12) = 211.5, P< 0.0001 for CsA, and F(1,12) = 69.50, P< 0.0001 for interaction.

https://doi.org/10.1371/journal.pone.0313441.g002
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activity as much as possible, a mixture of FK506 and CsA was used in this experiment, because

FK506 and CsA bind to distinct cellular cofactors FKBPs and cyclophilins, respectively for the

inhibition of PP2B activity [33,34]. In the control condition (i.e. without PP2B inhibitors),

NMDA treatment (20 μM, 15 min) reduced pS295 of PSD-95 as previously reported [23,24].

When pretreated with PP2B inhibitors (FK506 and CsA, 5 μM each, 45min), NMDA-induced

dephosphorylation of pS295 of PSD-95 was apparently suppressed, and the phosphorylation of

pS295 was still maintained at higher levels than that in untreated conditions. These results

indicate that PP2B is involved in NMDA-induced dephosphorylation of pS295. In contrast,

the PP1/PP2A inhibitor calyculin A did not suppress the reaction at all (Fig 3C and 3D). These

results indicate that PP2B is a major phosphatase in NMDA-induced dephosphorylation of

pS295.

PP2B dephosphorylates pS295 in vitro
In order to solidify our in-vivo findings that PP2B dephosphorylates pS295 of PSD-95, we

developed an in-vitro assay system for the detection of dephosphorylation of pS295. When the

extracts of the mouse brain were incubated in the reaction buffer without calcium, the level of

pS295 (Fig 4A, lane 2) was the same as the control (i.e., without incubation: Fig 4A, lane 1). On

the other hand, incubations with calcium apparently decreased the level of pS295 (Fig 4A, lane

3). Thus, we successfully detected the dephosphorylation of pS295 of PSD-95 in a calcium-

dependent manner, using crude mouse brain extracts (Fig 4A and 4B).

Fig 3. PP2B, but not PP1/PP2A, is involved in the NMDA-induced dephosphorylation of pS295. (A, B) Western-blot analysis (A) and

quantification (B) showing that pretreatment of the mixture of PP2B inhibitors (FK506 and CsA) suppressed dephosphorylation of pS295

induced by the NMDA treatment (20 μM, 15 min) in primary mouse cortical neurons. The data are represented as the mean ± standard

deviation overlaid with individual data points (n = 4 from two independent experiments). *P< 0.05, ***P< 0.001 by two-way ANOVA

with the post-hoc Tukey’s multiple comparison test. F(1,12) = 41.36, P< 0.0001 for FK+CsA, F(1,12) = 349.9, P< 0.0001 for NMDA, and

F(1,12) = 1.611, P = 0.2285 for interaction. (C, D) Western-blot analysis (C) and quantification (D) showing that pretreatment of the PP1/

PP2A inhibitor calyculin A had no apparent suppressive effect. The data are represented as the mean ± standard deviation overlaid with

individual data points (n = 4 from two independent experiments). ***P< 0.001 by two-way ANOVA with the post-hoc Tukey’s multiple

comparison test; n.s., not significant. F(1,12) = 569.1, P< 0.0001 for Calyculin, F(1,12) = 153.3, P< 0.0001 for NMDA, and F(1,12) =

106.0, P< 0.0001 for interaction.

https://doi.org/10.1371/journal.pone.0313441.g003
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Fig 4. PP2B dephosphorylates pS295 in vitro. (A) Western-blot analysis of the in-vitro dephosphorylation assay using mouse brain extracts. The “Control”

sample (lane 1) was not subject to the dephosphorylation assay. (B) Quantification of dephosphorylation in vitro (pS295/PSD-95) incubated with calcium (Ca2

+(+)) or without calcium (Ca2+(-)), relative to no-incubation (Control) conditions. The data are represented as the mean ± standard deviation (n = 3 from three

independent experiments). ***P< 0.001 by the unpaired Student’s t-test; n.s., not significant. (C, D) Western-blot analysis (C) and quantification (D) of the

efficiency of suppression by different doses of FK506 on the Ca2+-dependent dephosphorylation of pS295 in vitro. (E, F) Western-blot analysis (E) and

quantification (F) showing that coapplication of FK506 and FKBP12 efficiently suppressed the Ca2+-dependent dephosphorylation of pS295 in vitro. The data

are represented as the mean ± standard deviation overlaid with individual data points (n = 3 from three independent experiments). ***P< 0.001 by two-way

ANOVA with the post-hoc Tukey’s multiple comparison test; n.s., not significant. F(1,16) = 383.3, P< 0.0001 for FKBP12+FK506, F(3,16) = 48.44, P< 0.0001

for Ca2+, and F(3,16) = 47.06, P< 0.0001 for interaction.

https://doi.org/10.1371/journal.pone.0313441.g004
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Notably, in our in-vitro dephosphorylation assay, phosphatases other than PP2B were active

in “without Ca2+” conditions (S2 Fig). In this condition, pS295 of PSD-95 did not change after

incubation (Figs 4A, 4B and S2A), whereas the level of phosphorylation of Serine 9 of GSK3β
(pGSK3β) was reduced, which was completely inhibited by the PP1/PP2A inhibitor calyculin

A. This result indicates that active PP1/PP2A dephosphorylated Serine 9 of GSK3, which is

consistent with the previous study that Serine 9 of GSK3β is a target of PP1/PP2A [35]. This

result also indicates that pS295 is not a preferential target of PP1/PP2A. Thus, the decrease of

pS295 observed in our in-vitro assay is highly specific.

Next, in order to confirm that the decrease of pS295 depends on PP2B activity, we exam-

ined whether the PP2B inhibitor FK506 suppressed the dephosphorylation of pS295 (Fig 4C

and 4D). To our surprise, FK506 suppressed the dephosphorylation only partially. The effi-

ciency of suppression already reached a plateau at 1 μM and was not improved even with

higher doses of FK506. Taking into account the fact that FK506 requires endogenous FKBPs

(FK506-binding proteins) as cofactors to inhibit PP2B [33,34], the amount of FKBPs in the

brain extracts might be the limiting factor for the PP2B inhibition. If this is true, exogenously

supplied recombinant FKBPs are expected to improve the efficiency of suppression by FK506.

Thus, we examined whether exogenously supplied recombinant FKBP12 together with exces-

sive doses of FK506 could suppress the calcium-dependent dephosphorylation of pS295. As

shown in Fig 4E and 4F, dephosphorylation of pS295 of PSD-95 was suppressed highly effi-

ciently in the presence of both recombinant FKBP12 and FK506, compared with that in the

“FK506 only” condition. These results indicate that PP2B plays major roles in the dephosphor-

ylation of pS295 of PSD-95 in our in-vitro assay system, and that partial suppression of the

dephosphorylation in the “FK506 only” condition is caused by the insufficient amount of

endogenous FKBPs in the brain extract.

We also tested the efficiency of the suppression of dephosphorylation by CsA, which

requires endogenous proteins cyclophilins as cofactors to inhibit PP2B [33]. As shown in S3A

and S3B Fig, however, CsA suppressed the dephosphorylation only partially, indicating the

possibility that the amount of cyclophilins in the brain extract was also insufficient for full

inhibition of PP2B. As shown in S3C and S3D Fig, the efficiency of suppression by the mixture

of excessive amount of FK506 and CsA was still incomplete, suggesting that the amount of

endogenous FKBPs and cyclophilins was insufficient for the complete inhibition of PP2B with

the mixture of FK506 and CsA.

Discussion

Identification of the “Ca2+-PP2B-PSD-95 axis”

The phosphorylation state of S295 of PSD95 is associated with the stability of PSD-95 at the

postsynaptic sites and the targeting of AMPARs at the synaptic membrane [23,24]. In this

study, we revealed that S295 of PSD-95 was a novel target for PP2B. One of our results sup-

porting this conclusion is that the treatments with PP2B inhibitors elicited the increase of

pS295 in cultured neurons without the activation of JNK1, a responsible kinase for the phos-

phorylation of S295 of PSD-95 (Fig 1). The previous study suggests that the involvement of

PP2B in the regulation of pS295 is unlikely based on the results that the PP2B inhibitor asco-

mycin does not induce the increase of pS295 in neuronal cultures [23]. In our cases, however,

an increase of pS295 is observed not only with ascomycin, but also with the commonly used

PP2B inhibitor FK506 or CsA. These results strongly suggest that PP2B is active in our basal

culture conditions. In our experiments, mouse cortical neurons cultured in Neurobasal

medium supplemented with B-27 and glutamine were treated with ascomycin (2 μM, 45 min)

at DIV 19–21 (see also Materials and methods). In the previous experiments, on the other

PLOS ONE Serine 295 of PSD-95 is a novel target for PP2B

PLOS ONE | https://doi.org/10.1371/journal.pone.0313441 November 7, 2024 7 / 15

https://doi.org/10.1371/journal.pone.0313441


hand, rat hippocampal neurons cultured in MEM with fetal calf serum (FCS) and several sup-

plements were treated with ascomycin (2 μM, 2 hr) at DIV 25–28 [23,36,37]. The differences

of the experimental conditions, such as species, brain regions, cell culture media, culture

period, and treatment duration might cause this inconsistency.

The PP1/PP2A inhibitor calyculin A induced the increase of pS295 (S1 Fig) as observed in

the previous study [23]. Notably, however, JNK1 activation concomitantly occurred with the

increase of pS295 (S1 Fig), which is consistent with the report that JNK1 is repressed by PP1

[38]. Furthermore, okadaic acid, another type of PP1/PP2A inhibitor, activates JNK1 and

induces the increase of pS295 of PSD-95 [39,40]. These results suggest that the increase of

pS295 caused by PP1/PP2A inhibition could be mediated by activated JNK1. Together with

the in-vitro study showing that pS295 was dephosphorylated by PP2B (Fig 4E and 4F), our

study identified the novel calcium signaling cascade “Ca2+-PP2B-PSD-95 axis” regulating the

phosphorylation state of PSD-95.

It is expected that the increase of pS295 of PSD-95 by FK506 (and other PP2B inhibitors) (Fig

1) could increase surface expressions of AMPARs and the synaptic potentiation, because the phos-

phorylation at Ser295 of PSD-95 is shown to promote these cellular reactions [23]. It is of note

that several reports support this expectation. In cultured primary neurons, for example, FK506

treatment increases the surface expressions of AMPARs [41,42]. Experiments using acute brain

slices revealed that synaptic potentiation is induced when FK506 is postsynaptically applied to hip-

pocampal CA1 neurons [43–45]. Thus, we believe that the “Ca2+-PP2B-PSD-95 axis” will provide

novel insights for understanding the molecular mechanisms of synaptic plasticity.

How does PP2B recognize PSD-95 as its substrate? Because “PP2B-binding motifs” such as

LxVP- and PxIxIT-motif are not identified in PSD-95 [46], indirect bindings between PP2B

and PSD-95, rather than direct ones, might be more likely. A certain kind of proteins binding

to both PP2B and PSD-95, such as AKAP150/79 [47–52] and DLGAP1 [53,54], might facilitate

the recognition of PSD-95 by PP2B as mediators of the “Ca2+-PP2B-PSD-95 axis”. In future

studies, it is also important to determine the PP2B isozyme that dephosphorylates pS295 of

PSD-95. PP2B is a heterodimer composed of catalytic (PP2B-A) and regulatory (PP2B-B) sub-

units. PP2B-A isoforms, α, β1, β2 and γ, are encoded by three genes: Ppp3ca, Ppp3cb (alterna-

tively spliced to generate β1 and β2) and Ppp3cc [55,56]. PP2B-B is encoded by Ppp3r1 and

Ppp3r2. The four genes other than testis-specific isotype Ppp3r2 are expressed in central ner-

vous systems. Taking that PP2B isozymes that contain different PP2B-A isoforms show dis-

tinct substrate selectivity and intracellular localization [57,58], it is a critical issue to determine

isotypes of PP2B responsible for the dephosphorylation pS295 of PSD-95, by knockdown,

knockout, or overexpression of each PP2B-A subunit.

Putative roles of the “Ca2+-PP2B-PSD-95 axis” in LTD

It is reported that activation of NMDARs, which is required for LTD induction, promotes

dephosphorylation of pS295 of PSD-95 (Fig 3 in this study; Kim et al., 2007 [23]), and that

phospho-mimic mutation of S295 of PSD-95 (S295D) inhibits LTD induction [23], indicating

that dephosphorylation of S295 of PSD-95 is required for LTD induction. Meanwhile, it is also

known that PP2B is required for NMDA receptor-dependent LTD, whose induction is inhib-

ited by FK506 or CsA [26–32]. Although the involvement of both S295 of PSD-95 and PP2B in

NMDAR-dependent LTD has been indicated, the detailed molecular mechanisms underlying

LTD have been unclear. In this study, we identified simple relationships between them: sub-

strate and enzyme. As shown in Fig 3, inhibition of PP2B attenuates dephosphorylation of

pS295 of PSD-95 by NMDA treatment and pS295 levels remain high, which is expected to

result in the loss of LTD based on the previous report [23].
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In the experiment shown in Fig 3, we noticed that coapplication of FK506 and CsA (5 μM,

each) did not completely suppress the decrease of pS295 by NMDA treatment. We also exam-

ined whether increased amount of PP2B inhibitors improved the efficiency of the suppression,

but no improvement was observed using twice the amount of inhibitors (i.e., FK506 and cyclo-

sporine A, 10 μM each) (S4 Fig). These results seem to be consistent with our in-vitro results

(S3 Fig) showing that PP2B cannot be completely suppressed by coapplication of a high

enough dose of FK506 and CsA due to the insufficient amount of their endogenous cofactors

FKBPs and cyclophilins. To achieve maximal efficiency of PP2B suppression in vivo, exoge-

nously expressed FKBPs or cyclophilins might be required just as is the case in vitro (Fig 4E

and 4F).

Putative roles of the “Ca2+-PP2B-PSD-95 axis” in neurological side effects

of immunosuppressive therapy

Both FK506 (also known as tacrolimus) and cyclosporin A are clinically used immunosuppres-

sive drugs [59]. In T-cells, dephosphorylation of nuclear factor of activated T-cell family of

transcription factors (NFATc1-c4) by PP2B is required for their translocation into the nucleus

and then triggers immune responses [60,61]. FK506 and cyclosporin A exhibit immunosup-

pressive effects by inhibition of the dephosphorylation of NFATs [60,61]. While the inhibition

of PP2B is effective in preventing graft rejection, immunosuppressive therapy using PP2B

inhibitors can cause neurotoxic side effects such as headache, seizure, and memory

impairment [62–66]. To reduce these side effects of immunosuppressants, understanding the

molecular basis via the identification of substrates of PP2B in the central nervous system is an

important issue. Taking into account that PSD-95 plays central roles in the regulation of syn-

aptic functions via interacting multiple proteins [3,15], the dysfunction of its regulation by

PP2B potentially causes a broad range of neurological symptoms. Furthermore, unidentified

substrates of PP2B in the central nervous system might also be involved in the neurological

side effects caused by immunosuppressive therapy. The in-vitro dephosphorylation assay

developed in this study will be useful for the screening of novel substrates of PP2B, as well as

for the screening of immunosuppressive compounds that minimally affect PSD-95

phosphorylation.

Materials and methods

Reagents

NMDA was obtained from Sigma-Aldrich (St. Louis, MO, USA), EGTA from Wako Chemi-

cals (Osaka, Japan), FK506 from ChemScene (Monmouth Junction, NJ, USA), ascomycin

from Cayman Chemical (Ann Arbor, MI, USA), cyclosporine A from Nacalai Tesque (Kyoto,

Japan), calyculin A from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and recombinant

FKBP12 from R&D Systems (Minneapolis, MN, USA). NMDA and EGTA were dissolved in

distilled water. FK506, ascomycin, cyclosporine A and calyculin A were dissolved in dimethyl

sulfoxide (DMSO).

Antibodies

The anti-PSD-95 antibody (#MA1-046) was obtained from Thermo Fisher Scientific (Ashe-

ville, NC, USA), the anti-phospho-PSD-95 (Ser295) antibody (#45737S), anti-phospho-JNK1

antibody (#9255S) and anti-JNK1 antibody (#3708S) from Cell Signaling Technology (Dan-

vers, MA, USA), and the anti-GSK3β antibody (#sc-81462) and anti-phospho-GSK3β (S9)

antibody (#sc-373800) from Santa Cruz Biotechnology.
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Animals and ethics statement

Mice were housed under pathogen-free conditions in the experimental animal facility at Insti-

tute of Medical Science, University of Tokyo. All surgery was performed under isoflurane

anesthesia, and all efforts were made to minimize suffering. Experiments using mice were

approved by the Animal Care and Use Committee of University of Tokyo (Approval Number:

PA22-12). The animals were handled in strict accordance with the ARRIVE guidelines and the

guidelines of the Animal Care and Use Committee of the University of Tokyo.

Primary neuronal cultures

Cortical neurons were prepared from C57BL/6J mice at embryonic day 16 (Japan SLC Inc.,

Shizuoka, Japan) as previously described [67]. Pregnant dams were euthanized using an over-

dose of isoflurane followed by cervical dislocation, and embryos were dissected out of the

uterus. After decapitation of embryos, cortices were harvested in ice-cold HBSS (Nacalai Tes-

que) and dissociated with 0.25% trypsin-EDTA (Thermo Fisher Scientific) for 20 min at 37˚C.

The cells were plated onto poly-L-lysine-coated 24-well plates at a density of 2.5 × 105 cells/

well in neuron culture medium (Neurobasal (Thermo Fisher Scientific) supplemented with

B27 (Thermo Fisher Scientific) and L-glutamine (Thermo Fisher Scientific)). Cultures at 19–

21 days in vitro (DIV) were used for drug treatments.

Protein extracts and Western-blot analyses

Proteins were extracted from primary cultures in 24-well plates using Laemmli sample buffer.

Clarity ECL Western Substrate (Bio-Rad Laboratories, Hercules, CA, USA) was used for anti-

body detection, and EZ Capture MG (ATTO, Tokyo, Japan) was used for image capture. Den-

sitometric analyses of bands were performed using ImageJ analysis software. The quantitative

data and the original blots for images are included in the Supporting information (S1 Data and

S1 Raw Images, respectively).

In-vitro dephosphorylation assay

Brain extracts were prepared from adult male C57BL/6J mice (2–3 months old). After euthana-

sia using an overdose of isoflurane followed by decapitation, the cerebral cortex was excised

and homogenized in Lysis buffer (100 mM NaCl, 1 mM EDTA, 20 mM Hepes-NaOH (pH

7.4), 1% (v/v) NP40, 1% (w/v) deoxycholate, 0.1% (w/v) SDS and the protease-inhibitor cock-

tail (Complete Mini, EDTA-free, Roche Diagnostics, Basel, Switzerland)). The lysates were

centrifuged to remove the insoluble matter, and the supernatant was stored at -80˚C until use.

Sixty micrograms of mouse cortical extracts were diluted in 50 μL of dephosphorylation buffer

(100 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 1 mM EGTA, 0.01% (v/v) Brij35, 2

mM DTT and the protease-inhibitor cocktail) with or without 1.5 mM CaCl2 and incubated at

30˚C for 15 min. The dephosphorylation reaction was terminated by adding 50 μL of 2×
Laemmli sample buffer, followed by boiling.

Statistics

All statistical tests were performed using GraphPad Prism 6 software (GraphPad, San Diego,

CA, USA).

Supporting information

S1 Fig. The PP1/PP2A inhibitor calyculin A increases phosphorylated Ser295 of PSD-95

concomitantly with the activation of JNK1. (A) Western-blot analyses of phosphorylated
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Ser295 of PSD-95 (pS295), total PSD-95, an active form of JNK1 (pJNK1) and total JNK1 in

untreated (DMSO) and calyculin A-treated (20 nM, 45 min) primary mouse cortical neurons.

(B, C) Quantification of pS295/PSD-95 (B) and pJNK1/JNK1 (C) with the FK506 treatment

relative to the untreated condition (DMSO) shown in (A). The data are represented as the

mean ± standard deviation overlaid with individual data points (n = 4). ***P< 0.001,

**P< 0.01 by the unpaired Student’s t-test; n.s., not significant.

(TIF)

S2 Fig. PP1/PP2A does not dephosphorylate pS295 in vitro. (A) Western-blot analysis show-

ing that PP1/PP2A was active in our in-vitro dephosphorylation assay. The decrease of phos-

phorylated GSK3β (pGSK3β(S9)) was completely suppressed by the PP1/PP2A inhibitor

calyculin A. (B, C) Quantification of pS295/PSD-95 (B) and pGSK3/β/GSK3β (C) incubated

with or without calyculin A relative to the no-incubation (Control) condition. The data are

represented as the mean ± standard deviation (n = 3 from three independent experiments).

***P< 0.001 by the unpaired Student’s t-test; n.s., not significant.

(TIF)

S3 Fig. Coapplication of FK506 and cyclosporine A shows incomplete suppression of

pS295 dephosphorylation. (A, B) Western-blot analysis (A) and quantification (B) of the effi-

ciency of suppression by different doses of CsA on the Ca2+-dependent dephosphorylation of

pS295 in vitro. Bars show the mean value and individual data points are shown as black dots

(n = 2 from two independent experiments). (C, D) Western-blot analysis (C) and quantifica-

tion (D) showing the incomplete suppression of the Ca2+-dependent dephosphorylation of

pS295 in vitro by coapplication of FK506 and CsA. The data are represented as the

mean ± standard deviation overlaid with individual data points (n = 3 from three independent

experiments). **P< 0.01, *P< 0.05 by the unpaired Student’s t-test.

(TIF)

S4 Fig. Increased dose of PP2B inhibitors does not improve the suppression efficiency of

PP2B in the NMDA-induced dephosphorylation of pS295. (A, B) Western-blot analysis (A)

and quantification (B) showing that an increased dose of the mixture of PP2B inhibitors

(FK506 and CsA, 10μM each, twice the dose used in Fig 3A and 3B) does not improve the sup-

pression efficiency of PP2B activity which dephosphorylates pS295 induced by the NMDA

treatment (20 μM, 15 min) in primary mouse cortical neurons. The data are represented as the

mean ± standard deviation overlaid with individual data points (n = 4 from two independent

experiments). ***P< 0.001 by two-way ANOVA with the post-hoc Tukey’s multiple compari-

son test. F(1,12) = 184.0, P< 0.0001 for FK+CsA, F(1,12) = 1019, P< 0.0001 for NMDA, and

F(1,12) = 0.02728, P = 0.8716 for interaction.

(TIF)

S1 Data. Spread sheet containing quantitative data.

(XLSX)

S1 Raw images. Original western blot images with membranes stained with Ponceau S.

The upper half of the membrane was used to detect pS295 or PSD-95, whereas the lower half

was used for pJnk1, Jnk1, pGsk3β, or Gsk3β. Two membranes connected by a dashed line are

originally a single membrane at the blotting step. Transferred proteins on the membranes

were monitored with Ponceau S staining after the signal detection using chemiluminescence.

Some Ponceau-stained membranes (unused half of the membrane) are included as references

for monitoring loaded proteins. In the lanes labeled with "E", protein extracts for filling empty

PLOS ONE Serine 295 of PSD-95 is a novel target for PP2B

PLOS ONE | https://doi.org/10.1371/journal.pone.0313441 November 7, 2024 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313441.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313441.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313441.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313441.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313441.s006
https://doi.org/10.1371/journal.pone.0313441


lanes are loaded.

(PDF)
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31. Baumgärtel K, Mansuy IM. Neural functions of calcineurin in synaptic plasticity and memory. Learn

Mem. 2012; 19: 375–384. https://doi.org/10.1101/lm.027201.112 PMID: 22904368

PLOS ONE Serine 295 of PSD-95 is a novel target for PP2B

PLOS ONE | https://doi.org/10.1371/journal.pone.0313441 November 7, 2024 13 / 15

https://doi.org/10.1016/0896-6273%2892%2990245-9
https://doi.org/10.1016/0896-6273%2892%2990245-9
http://www.ncbi.nlm.nih.gov/pubmed/1419001
https://doi.org/10.1126/science.7569905
https://doi.org/10.1126/science.7569905
http://www.ncbi.nlm.nih.gov/pubmed/7569905
https://doi.org/10.1242/jcs.02898
https://doi.org/10.1242/jcs.02898
http://www.ncbi.nlm.nih.gov/pubmed/16525119
https://doi.org/10.1016/j.pnpbp.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29169997
https://doi.org/10.1038/nrn2540
http://www.ncbi.nlm.nih.gov/pubmed/19153575
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525273
https://doi.org/10.1038/35050030
http://www.ncbi.nlm.nih.gov/pubmed/11140673
https://doi.org/10.1073/pnas.172511199
http://www.ncbi.nlm.nih.gov/pubmed/12359873
https://doi.org/10.1126/science.1123339
http://www.ncbi.nlm.nih.gov/pubmed/16513974
https://doi.org/10.1126/science.290.5495.1364
https://doi.org/10.1126/science.290.5495.1364
http://www.ncbi.nlm.nih.gov/pubmed/11082065
https://doi.org/10.1016/j.neuron.2006.09.012
http://www.ncbi.nlm.nih.gov/pubmed/17046693
https://doi.org/10.1038/nn1837
http://www.ncbi.nlm.nih.gov/pubmed/17237775
https://doi.org/10.1016/j.neuron.2007.09.007
https://doi.org/10.1016/j.neuron.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17988632
https://doi.org/10.1523/JNEUROSCI.0131-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23864697
https://doi.org/10.1186/s12964-020-00636-4
https://doi.org/10.1186/s12964-020-00636-4
http://www.ncbi.nlm.nih.gov/pubmed/32859215
https://doi.org/10.1016/j.bbamcr.2022.119366
http://www.ncbi.nlm.nih.gov/pubmed/36191737
https://doi.org/10.1038/369486a0
https://doi.org/10.1038/369486a0
http://www.ncbi.nlm.nih.gov/pubmed/7515479
https://doi.org/10.1016/0006-8993%2895%2901168-4
http://www.ncbi.nlm.nih.gov/pubmed/8821755
https://doi.org/10.1016/s0092-8674%2801%2900585-2
http://www.ncbi.nlm.nih.gov/pubmed/11733061
https://doi.org/10.1038/nn1506
https://doi.org/10.1038/nn1506
http://www.ncbi.nlm.nih.gov/pubmed/16025109
https://doi.org/10.1101/lm.027201.112
http://www.ncbi.nlm.nih.gov/pubmed/22904368
https://doi.org/10.1371/journal.pone.0313441


32. Woolfrey KM, Dell’Acqua ML. Coordination of protein phosphorylation and dephosphorylation in synap-

tic plasticity. J Biol Chem. 2015; 290: 28604–28612. https://doi.org/10.1074/jbc.R115.657262 PMID:

26453308

33. Liu J, Farmer JD, Lane WS, Friedman J, Weissman I, Schreiber SL. Calcineurin is a common target of

cyclophilin-cyclosporin A and FKBP-FK506 complexes. Cell. 1991; 66: 807–815. https://doi.org/10.

1016/0092-8674(91)90124-h PMID: 1715244

34. Kissinger CR, Parge HE, Knighton DR, Lewis CT, Pelletier LA, Tempczyk A, et al. Crystal structures of

human calcineurin and the human FKBP12–FK506–calcineurin complex. Nature. 1995; 378: 641–644.

https://doi.org/10.1038/378641a0 PMID: 8524402

35. Hernández F, Langa E, Cuadros R, Avila J, Villanueva N. Regulation of GSK3 isoforms by phospha-

tases PP1 and PP2A. Mol Cell Biochem. 2010; 344: 211–215. https://doi.org/10.1007/s11010-010-

0544-0 PMID: 20652371

36. Lee SH, Liu L, Wang YT, Sheng M. Clathrin adaptor AP2 and NSF interact with overlapping sites of

GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD. Neuron. 2002; 36:

661–674. https://doi.org/10.1016/s0896-6273(02)01024-3 PMID: 12441055

37. Sala C, Rudolph-Correia S, Sheng M. Developmentally regulated NMDA receptor-dependent dephos-

phorylation of cAMP response element-binding protein (CREB) in hippocampal neurons. J Neurosci.

2000; 20: 3529–3536. https://doi.org/10.1523/JNEUROSCI.20-10-03529.2000 PMID: 10804193

38. Chu S, Ferro TJ. Identification of a hydrogen peroxide-induced PP1-JNK1-Sp1 signaling pathway for

gene regulation. Am J Physiol Lung Cell Mol Physiol. 2006; 291: L983–L992. https://doi.org/10.1152/

ajplung.00454.2005 PMID: 16815888

39. Yoon S, Choi J, Yoon J, Huh J-W, Kim D. Okadaic acid induces JNK activation, bim overexpression and

mitochondrial dysfunction in cultured rat cortical neurons. Neuroscience Letters. 2006; 394: 190–195.

https://doi.org/10.1016/j.neulet.2005.10.034 PMID: 16260088

40. Pavlowsky A, Gianfelice A, Pallotto M, Zanchi A, Vara H, Khelfaoui M, et al. A postsynaptic signaling

pathway that may account for the cognitive defect due to IL1RAPL1 mutation. Current Biology. 2010;

20: 103–115. https://doi.org/10.1016/j.cub.2009.12.030 PMID: 20096586

41. Zhao W-Q, Santini F, Breese R, Ross D, Zhang XD, Stone DJ, et al. Inhibition of calcineurin-mediated

endocytosis and α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid (AMPA) receptors prevents

amyloid β oligomer-induced synaptic disruption. J Biol Chem. 2010; 285: 7619–7632. https://doi.org/10.

1074/jbc.M109.057182 PMID: 20032460

42. Diering GH, Gustina AS, Huganir RL. PKA-GluA1 coupling via AKAP5 controls AMPA receptor phos-

phorylation and cell-surface targeting during bidirectional homeostatic plasticity. Neuron. 2014; 84:

790–805. https://doi.org/10.1016/j.neuron.2014.09.024 PMID: 25451194

43. Wang JH, Kelly PT. The balance between postsynaptic Ca(2+)-dependent protein kinase and phospha-

tase activities controlling synaptic strength. Learn Mem. 1996; 3: 170–181. https://doi.org/10.1101/lm.3.

2-3.170 PMID: 10456087

44. Wang JH, Kelly PT. Postsynaptic calcineurin activity downregulates synaptic transmission by weaken-

ing Intracellular Ca2+ signaling mechanisms in hippocampal CA1 neurons. J Neurosci. 1997; 17: 4600–

4611. https://doi.org/10.1523/JNEUROSCI.17-12-04600.1997 PMID: 9169521

45. Nabavi S, Kessels HW, Alfonso S, Aow J, Fox R, Malinow R. Metabotropic NMDA receptor function is

required for NMDA receptor-dependent long-term depression. Proc Natl Acad Sci USA. 2013; 110:

4027–4032. https://doi.org/10.1073/pnas.1219454110 PMID: 23431133

46. Sheftic SR, Page R, Peti W. Investigating the human calcineurin interaction network using the πφLxVP

SLiM. Sci Rep. 2016; 6: 38920. https://doi.org/10.1038/srep38920 PMID: 27974827

47. Klauck TM, Faux MC, Labudda K, Langeberg LK, Jaken S, Scott JD. Coordination of three signaling

enzymes by AKAP79, a mammalian scaffold protein. Science. 1996; 271: 1589–1592. https://doi.org/

10.1126/science.271.5255.1589 PMID: 8599116

48. Smith KE, Gibson ES, Dell’Acqua ML. cAMP-dependent protein kinase postsynaptic localization regu-

lated by NMDA receptor activation through translocation of an A-kinase anchoring protein scaffold pro-

tein. J Neurosci. 2006; 26: 2391–2402. https://doi.org/10.1523/JNEUROSCI.3092-05.2006 PMID:

16510716
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