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Synaptic plasticity is a cellular mechanism of learning and memory. The synaptic strength can be persistently upregulated or downregulated to update the information sent to the neuronal network and form a memory engram. For its molecular mechanism, the stability of α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate-type glutamate receptor (AMPAR), a glutamatergic ionotropic receptor, on the postsynaptic membrane has been studied for these two decades. Since AMPAR is not saturated on the postsynaptic membrane during a single event of neurotransmitter release, the number and nanoscale localization of AMPAR is critical for regulating the efficacy of synaptic transmission. The observation of AMPAR on the postsynaptic membrane by super-resolution microscopy revealed that AMPAR forms a nanodomain that is defined as a stable segregated cluster on the postsynaptic membrane to increase the efficacy of synaptic transmission. Postsynaptic density (PSD), an intracellular protein condensate underneath the postsynaptic membrane, regulates AMPAR dynamics via the intracellular domain of Stargazin, an auxiliary subunit of AMPAR. Recently, it was reported that PSD is organized by liquid-liquid phase separation (LLPS) to form liquid-like protein condensates. Furthermore, the calcium signal induced by the learning event triggers the persistent formation of sub-compartments of different protein groups inside protein condensates. This explains the formation of nanodomains via synaptic activation. The liquid-like properties of LLPS protein condensates are ideal for the molecular mechanism of synaptic plasticity. In this review, we summarize the recent progress in the properties and regulation of synaptic plasticity, postsynaptic receptors, PSD, and LLPS.
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INTRODUCTION

Memory formation is a process of the conversion of information from a transient state to a permanent state. Synaptic plasticity, including long-term potentiation (LTP) and long-term depression (LTD), is a cellular mechanism of this process (Malinow and Malenka, 2002; Kauer and Malenka, 2007; Collingridge et al., 2010; Huganir and Nicoll, 2013). Synaptic activity evoked by a learning event triggers transient calcium (Ca2+) influx into the postsynaptic site and mediates downstream signals to establish persistent LTP/LTD. The bidirectional regulation and persistence of synaptic plasticity are the essence of memory formation. The interaction between a ligand released from the presynaptic active zone and a receptor on the postsynaptic membrane accomplishes synaptic transmission. Thus, to understand synaptic plasticity, the regulation of the dynamics of postsynaptic membrane proteins is critical as a molecular mechanism. In particular, the dynamics and stability of α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate-type glutamate receptors (AMPARs) have been studied for more than two decades as major mediators of excitatory synaptic transmission in the mammalian central nervous system (Hayashi et al., 2000; Malinow and Malenka, 2002; Kennedy and Ehlers, 2006; Derkach et al., 2007; Shepherd and Huganirl, 2007; Huganir and Nicoll, 2013). In general, membrane proteins show high mobility in the lipid bilayer membrane with lateral diffusion. However, postsynaptic membrane proteins are anchored by postsynaptic density (PSD), a protein condensate underneath the postsynaptic membrane. PSD is commonly found in excitatory synapses (Palay, 1956; Akert et al., 1969; Harris et al., 1992; Petersen et al., 2003) and stabilized at the postsynaptic site (Shinohara and Hirase, 2009; Tarusawa et al., 2009; Budisantoso et al., 2012; Fukazawa and Shigemoto, 2012; Holderith et al., 2012; Choquet and Triller, 2013). PSD is composed of the intracellular domain of membrane proteins, such as receptors and adhesion molecules, scaffolding proteins, and enzymatic signaling factors (Kennedy et al., 1983; Sugiyama et al., 2005; Sheng and Hoogenraad, 2007). Thus, investigating the interaction between the intracellular domain of AMPAR and PSD proteins and their regulatory mechanisms during synaptic activity is critical for understanding the dynamics of AMPAR and synaptic plasticity.



THE NANODOMAIN OF AMPAR AS A MOLECULAR MECHANISM OF SYNAPTIC PLASTICITY

To observe the dynamic of AMPAR on the postsynaptic membrane, the single-molecule tracking approach had been performed and revealed that the moving speed of AMPAR was decreased in a neuronal activity-dependent manner (Borgdorff and Choquet, 2002). It has also been reported that the Ca2+ influx during LTP and subsequent CaMKII activation reduce the movement of AMPARs and restrict the diffusion area of AMPARs on the postsynaptic membrane (Opazo et al., 2010). This synaptic trapping of AMPAR leads to the formation of several segregated AMPAR clusters on the postsynaptic membrane, which are then defined as the “nanodomains of AMPAR.” AMPAR nanodomains have also been observed with other super-resolution approaches, such as universal point accumulation in the nanoscale topography (uPAINT), stimulated emission depletion (STED) microscopy, and direct stochastic optical reconstruction microscopy (dSTORM) (Nair et al., 2013). Based on these observations, it is known that each synapse contains about 2.5 AMPAR nanodomains with an average length of 77 nm approximately, and around 65% of AMPAR on the entire postsynaptic membrane is concentrated in the nanodomains. Similar structures with unevenly distributed and segregated clusters have also been found in other types of glutamate receptors, such as N-methyl-D-aspartate receptor (NMDAR) (Kellermayer et al., 2018; Goncalves et al., 2020) and metabotropic glutamate receptors (Goncalves et al., 2020), scaffolding proteins, such as PSD-95, guanylate kinase-associated protein (GKAP), Shank3, and Homer1c (MacGillavry et al., 2013), and the adhesion molecule Neuroligin-1 (Haas et al., 2018). This indicates that, in addition to AMPAR, various nanoscale segregated clusters of different protein components exist inside a single PSD structure. Interestingly, a dual-color three-dimensional dSTORM analysis revealed that the localization of the AMPAR nanodomain overlaps with the segregated cluster of PSD-95 at PSD and the presynaptic protein cluster of RIM1/2 (Tang et al., 2016), a marker for presynaptic active zones (Südhof, 2012). Furthermore, the formation of the AMPAR nanodomain by synaptic activity acts as a retrograde signal via adhesion molecules to align the localization of presynaptic protein clusters and active zones (Tang et al., 2016). In this manner, synaptic activity mediates the formation of a structure with aligned protein clusters from the PSD to the presynaptic terminal via the AMPAR nanodomain and is called a trans-synaptic nanocolumn. Since the ligand binding of AMPAR is not saturated in a single glutamate event (Tong and Jahr, 1994; Liu et al., 1999), this mechanism strengthens the synaptic transmission as “retrograde plasticity” (Tang et al., 2016). Therefore, determining the mechanism of the formation and interaction of the nanodomain/cluster of AMPAR/PSD proteins becomes crucial to understanding synaptic plasticity.



LIQUID-LIQUID PHASE SEPARATION AS A REGULATORY MECHANISM OF PSD

A recent review paper by Groc and Choquet (2020) summarized the movements of glutamate receptors and their mechanism. They discussed the different behaviors between AMPAR and NMDAR during LTP. They also specified the stabilization of AMPAR in PSD via the interaction between Stargazin and PSD-95, and the dynamics of NMDAR are regulated by the interaction with CaMKII. However, emerging evidence suggests that the proteins do not just have interaction, but they undergo liquid-liquid phase separation (LLPS) to form protein condensates.

LLPS is a phenomenon that describes the formation of liquid-like condensates as droplets from different types of liquids, such as water and oil. Recent studies have revealed that nucleic acids and/or proteins form condensates inside the cell as compartmentalized droplets in the cytosol (Banani et al., 2017; Boeynaems et al., 2018; Zhang et al., 2020). Unlike an aggregation, the components in the condensates can maintain their dynamics by mixing freely inside the condensate and getting exchanged with the same component molecules from the surrounding environment, such as the cytosol. These condensates have been found to play important roles in neuronal function, such as the development of the central nervous system and the release of neurotransmitters at the presynaptic terminal (Milovanovic et al., 2018; Wu et al., 2020; Hayashi et al., 2021). For PSD proteins, an in vitro experiment has first revealed that the representative PSD scaffolding proteins, PSD-95 and SynGAP, undergo LLPS (Zeng et al., 2016). Later, other synaptic proteins, including GKAP, Shank, Homer, and GluN2B, have also been reported to undergo LLPS through their multiplexed interactions and/or interactions through their intrinsically disordered regions (Zeng et al., 2018). These reports raise the possibility that clusters of PSD protein components are formed as LLPS protein condensates.

Postsynaptic density (PSD) has several features that could be explained by the liquid-like properties of LLPS. First, PSD in synapses shows the exchange of component proteins between the inside and outside of PSD (Kuriu et al., 2006; Sharma et al., 2006). PSD also shows the incorporation of cytosolic proteins (Bosch et al., 2014) and the rapid rearrangement of its structure (Blanpied et al., 2008; Kerr et al., 2011; Sun et al., 2021) upon stimulation and Ca2+ influx. In addition, although PSD is defined as a highly dense area under electron microscopy, it exhibits multiplexed shapes, such as fenestrated, horseshoe, and segmented (Toni et al., 2001; Borczyk et al., 2019). Similarly, it has been reported that PSD-95 shows perforated or ring-like structures with STED microscopy observation (Broadhead et al., 2016; Masch et al., 2018; Wegner et al., 2018). The LLPS protein condensates have also been found to show the ring-like distribution of their components, especially when they have two different phases inside as core-shell condensate (Gallego et al., 2020; Fare et al., 2021). Nonetheless, the fusing event between two protein condensates is another typical liquid-like property of LLPS. Toni et al. (2001) revealed that the proportion of perforated PSD increased 30 min after LTP induction, and it backs to basal level from 45 to 120 min, which could also be explained by the fusion between two PSDs.



THE PSD LLPS PROTEIN CONDENSATE AND THE AMPAR NANODOMAIN

Considering the PSD as an LLPS protein condensate, it comes with the following questions. (1) Can a PSD protein condensate contain several uneven distributions of different component proteins like the clustered nanodomains in PSD? (2) Can the PSD protein condensate be regulated bidirectionally? (3) Can the PSD protein condensate be maintained persistently? The answers have been reported in a recent study. Hosokawa et al. (2021) revealed that Ca2+ triggers the persistent formation of nanodomain-like structures in the PSD protein condensate via the activation of CaMKII. With purified proteins, the authors found that activated CaMKII by Ca2+ influx signal undergoes LLPS and forms a protein condensate with GluN2B, the subunit of NMDAR. This finding is consistent with the observation that CaMKII is incorporated into the PSD from the cytosolic pool during LTP (Bosch et al., 2014). Interestingly, once the CaMKII-GluN2B condensate is formed, it becomes independent of the Ca2+ concentration and becomes a permanent protein condensate. This can occur because of the autophosphorylation of CaMKII, which locks CaMKII into an active conformation and maintains its interaction with GluN2B (Bayer et al., 2001; Lisman et al., 2002).

Since CaMKII is a major component of PSD (Kennedy et al., 1983), the incorporation of CaMKII may be related to the rearrangement of PSD. A previous study has reported that PSD-95 undergoes LLPS and forms an autonomous protein condensate with both GluN2B and Stargazin, an auxiliary subunit of AMPAR (Zeng et al., 2018, 2019), as a possible mechanism for the formation of the basal structure of PSD. Surprisingly, the incorporation of CaMKII into the PSD-95-GluN2B-Stargazin autonomous protein condensate leads to the segregation of the Stargazin-PSD-95 protein condensate from the GluN2B-CaMKII protein condensate, resulting in the formation of a nanodomain-like structure in a single protein condensate (Figure 1A). This explains the formation of the AMPAR nanodomain on the postsynaptic membrane (Figure 1B). Furthermore, Neuroligin-1, a postsynaptic adhesion molecule that clusters with presynaptic neurexin, also segregates together with the Stargazin-PSD-95 protein condensate. It has been known that the cluster formation of Neuroligin-1 induces clustering of presynaptic neurexin, which eventually forms the assembly of an exocytotic apparatus (Dean et al., 2003). Thus, these results suggest a possible mechanism for the formation of AMPAR nanodomains and transsynaptic nanocolumns in a Ca2+-dependent manner.
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FIGURE 1. LLPS to synaptic plasticity. (A) Microscope images of protein condensates consist of the following four proteins during calcium stimulation. From left to right, confocal images of differential interference contrast and confocal fluorescent images of CaMKII, Stargazin, GluN2B, and PSD-95. Stargazin, GluN2B, and PSD-95 are homogenously distributed before Ca2+. Ca2+ triggers the incorporation of CaMKII and the formation of a nanodomain-like structure inside of condensate. The condensate is sustained even after the removal of Ca2+ by ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA). Modified from Hosokawa et al. (2021). (B) An end view of the postsynaptic membrane. Receptors and PSD proteins in naïve synapses are evenly distributed. Ca2+ influx triggers persistent sub-compartmentalization of proteins into the Stargazin-PSD-95 group and CaMKII-GluN2B group, resulting in the formation of the AMPAR nanodomain. Modified from Hosokawa et al. (2021). (C) Side sectional view of the synapse. Ca2+ influx triggers the formation of AMPAR nanodomains via PSD clustering and LLPS. This affects protein assembly in the presynaptic terminal through adhesion proteins as a retrograde signal. In contrast, a dissociation of LLPS by Camk2n1 and Homer1a might act as a mechanism to depress synaptic strength by disrupting the AMPAR nanodomain and PSD clustering. Modified from Hosokawa et al. (2021). LLPS, liquid-liquid phase separation; PSD, postsynaptic density; AMPAR, α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate-type glutamate receptor.




FROM LLPS TO SYNAPTIC PLASTICITY

As mentioned above, there are three layers of the mechanisms underlying synaptic plasticity: from bottom to top, the “LLPS” as the regulatory mechanism of PSD, the “PSD” as the regulatory mechanism of the dynamics of AMPAR, and the “dynamics of AMPAR” as the molecular mechanism of synaptic plasticity. However, the molecular mechanisms of synaptic plasticity must satisfy at least two criteria. (1) The mechanism should allow bidirectional regulation since the synapse can be both potentiated and depressed. (2) The mechanism should have a system to maintain its alteration persistently, as synaptic plasticity and memory can be permanent. The three layers of the mechanism satisfy these criteria. Here is a summary of the reported bidirectional regulation (Table 1) and the persistency in each layer.


Table 1. Corresponding relationship from LLPS to the synapse.
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Regulation and Stability of LLPS Protein Condensate of PSD Proteins

For the bidirectional regulation of LLPS protein condensate, the Ca2+ signal triggers the persistent formation of the CaMKII-GluN2B protein condensate (Hosokawa et al., 2021). In contrast, the endogenous proteins, Camk2n1 and Homer1a, act as dissociation factors against PSD protein condensates in different ways (Zeng et al., 2018; Hosokawa et al., 2021). While Camk2n1 disrupts the Ca2+-dependent CaMKII-GluN2B protein condensate, Homer1a disrupts the Ca2+-independent protein condensate, which is composed of GluN2B, SynGAP, PSD-95, GKAP, Shank3, and Homer3. Homer1a has been reported to be related to synaptic depression (Diering et al., 2017). Nonetheless, LLPS protein condensate is known to be a stable membrane-less protein condensate that enables the formation of a stable structure for more than several days (Ray et al., 2020). Being an LLPS protein condensate allows PSD to overcome the limitation of metabolic turnover of PSD proteins (Cohen et al., 2013) by exchanging the component proteins between inside and outside of the PSD. Also, LLPS protein condensates are possibly acting as a filter of molecules (Alberti et al., 2019) to protect their components from other proteins, such as proteases. Taken together, LLPS protein condensate has ideal properties to guarantee bidirectional regulation and persistence.



Regulation and Stability of PSD

Postsynaptic density (PSD) modifies the dynamics of AMPAR through enlargement and shrinkage. It is known that the size of PSD is correlated with the number of AMPAR nanodomains, the size of dendritic spines, and synaptic strength (Harris et al., 1992; Noguchi et al., 2005; Nair et al., 2013; Meyer et al., 2014). The Ca2+ influx during LTP mediates an increase in the size and complexity of PSD (Sun et al., 2021), and the growth of PSD (Harris, 2020). On the contrary, LTD induction results in a loss of PSD components, such as PSD-95 (Bingol and Shang, 2011; Compans et al., 2021). To maintain the persistency, PSD components also show protein exchange between the inside and outside of PSD, which contributes to its homeostasis. Also, the dendritic spine as a proxy for PSD survives for more than 1 month in general (Grutzendler et al., 2002). Taken together, PSD is a stable structure but regulated bidirectionally in response to synaptic activity.



Dynamics of AMPAR and Synaptic Plasticity

The AMPAR nanodomain is known to be formed by synaptic activity (Opazo et al., 2010; Nair et al., 2013). In addition, LTD induction results in an increase in AMPAR lateral diffusion, which may result in the disruption of the nanodomain (Chowdhury and Hell, 2019; Compans et al., 2021). It has been reported that more than 60% of AMPAR nanodomains persist for at least 45 min (Nair et al., 2013). Even though a prolonged observation is lacking due to technical difficulties, considering that nanodomains are commonly observed in unstimulated neurons, AMPAR nanodomains must be able to be long-lasting structures. Taken together, LLPS as a bidirectionally regulated persistent protein condensate explains synaptic plasticity by regulating PSD and the dynamics of AMPAR on the postsynaptic membrane (Figure 1C).




DISCUSSION

In this review, we focused on the regulation of AMPAR on the postsynaptic membrane by the intracellular PSD LLPS protein condensate. LLPS protein condensate determines the stability of AMPARs on the postsynaptic membrane by mediating persistent condensation and dispersion of PSD proteins. The transient information, such as synaptic activity-mediated Ca2+ influx, is converted into a persistent structure as the protein condensate and the AMPAR nanodomain. This can be accomplished only by the protein condensate, not by a single protein. This is because the protein itself cannot persistently maintain information due to diffusion, de-modification, and degradation. Therefore, the LLPS protein condensate, including PSD clusters and AMPAR nanodomains, might be the minimum unit of memory as “molecular memory engram,” which means the molecular evidence of memory engram (Liu et al., 2012).



AUTHOR CONTRIBUTIONS

TH contributed to writing and revising the manuscript. P-WL participated in revising and making illustrations. All authors contributed to the article and approved the submitted version.



FUNDING

The Takeda Science Foundation and Grants-in-Aid for Scientific Research JP17K14947, JP18KK0421, and JP19K06885 from MEXT Japan and CREST JPMJCR20E4 from the Japan Science and Technology Agency to TH. Grants-in-Aid for Research Activity Start-up 20K22685 and Grants-in-Aid for Early-Career Scientists 21K15188 from the Japan Science and Technology Agency to P-WL.



ACKNOWLEDGMENTS

We thank Dr. Hayashi at Kyoto University for the supervision of this research project.



ABBREVIATIONS

AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, AMPA-type glutamate receptor; CaMKII, Calcium/Calmodulin-dependent kinase II; dSTORM, direct stochastic optical reconstruction microscopy; LLPS, Liquid-Liquid Phase Separation; LTP, Long-term potentiation; LTD, long-term depression; NMDA, N-methyl-D-aspartate; NMDAR, NMDA-type glutamate receptor; PSD, Postsynaptic Density; STED, stimulated emission depletion microscopy; uPAINT, universal point accumulation in nanoscale topography.



REFERENCES

 Akert, K., Moor, H., Pfenninger, K., and Sandri, C. (1969). Contributions of new impregnation methods and freeze etching to the problems of synaptic fine structure. Prog. Brain Res. 31, 223–240. doi: 10.1016/S0079-6123(08)63241-0

 Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and challenges in studying liquid-liquid phase separation and biomolecular condensates. Cell 176, 419–434. doi: 10.1016/j.cell.2018.12.035

 Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18, 285–298. doi: 10.1038/nrm.2017.7

 Bayer, K. U., De Koninck, P., Leonard, A. S., Hell, J. W., and Schulman, H. (2001). Interaction with the NMDA receptor locks CaMKII in an active conformation. Nature 411, 801–805. doi: 10.1038/35081080

 Bingol, B., and Shang, M. (2011). Deconstruction for reconstruction: the role of proteolysis in neural plasticity and disease. Neuron 69, 22–32. doi: 10.1016/j.neuron.2010.11.006

 Blanpied, T. A., Kerr, J. M., and Ehlers, M. D. (2008). Structural plasticity with preserved topology in the postsynaptic protein network. Proc. Natl. Acad. Sci. U.S.A. 105, 12587–12592. doi: 10.1073/pnas.0711669105

 Boeynaems, S., Alberti, S., Fawzi, N. L., Mittag, T., Polymenidou, M., Rousseau, F., et al. (2018). Protein phase separation: a new phase in cell biology. Trends Cell Biol. 28, 420–435. doi: 10.1016/j.tcb.2018.02.004

 Borczyk, M., Sliwińska, M. A., Caly, A, Bernas, T., and Radwanska, K. (2019). Neuronal plasticity affects correlation between the size of dendritic spine and its postsynaptic density. Sci. Rep. 9:1693. doi: 10.1038/s41598-018-38412-7

 Borgdorff, A. J., and Choquet, D. (2002). Regulation of AMPA receptor lateral movements. Nature 417, 649–653. doi: 10.1038/nature00780

 Bosch, M., Castro, J., Saneyoshi, T., Matsuno, H., Sur, M., and Hayashi, Y. (2014). Structural and molecular remodeling of dendritic spine substructures during long-term potentiation. Neuron 82, 444–459. doi: 10.1016/j.neuron.2014.03.021

 Broadhead, M. J., Horrocks, M. H., Zhu, F., Muresan, L., Piccione, R. B., DeFelipe, J., et al. (2016). PSD95 nanoclusters are postsynaptic building blocks in hippocampus circuits. Sci. Rep. 6:24626. doi: 10.1038/srep24626

 Budisantoso, T., Matsui, K., Kamasawa, N., Fukazawa, Y., and Shigemoto, R. (2012). Mechanisms underlying signal filtering at a multisynapse contact. J. Neurosci. 32, 2357–2376. doi: 10.1523/jneurosci.5243-11.2012

 Choquet, D., and Triller, A. (2013). The dynamic synapse. Neuron 80, 691–703. doi: 10.1016/j.neuron.2013.10.013

 Chowdhury, D., and Hell, J. W. (2019). Ca2+/calmodulin binding to PSD-95 downregulates its palmitoylation and AMPARs in long-term depression. Front. Synaptic Neurosci. 11:6. doi: 10.3389/fnsyn.2019.00006

 Cohen, L. D., Zuchman, R., Sorokina, O., Mueller, A., Dieterich, D. C., Armstrong, J. D., et al. (2013). Metabolic turnover of synaptic proteins: kinetics, interdependencies and implications for synaptic maintenance. PLoS ONE 8:e63191. doi: 10.1371/journal.pone.0063191

 Collingridge, G. L., Peineau, S., Howland, J. G., and Wang, Y. T. (2010). Long-term depression in the CNS. Nat. Rev. Neurosci. 11, 459–473. doi: 10.1038/nrn2867

 Compans, B., Camus, C., Kallergi, E., Sposini, S., Martineau, M., Butler, C., et al. (2021). NMDAR-dependent long-term depression is associated with increased short term plasticity through autophagy mediated loss of PSD-95. Nat. Commun. 12:2849. doi: 10.1038/s41467-021-23133-9

 Dean, C., Scholl, F. G., Choih, J., DeMaria, S., Berger, J., Isacoff, E., et al. (2003). Neurexin mediates the assembly of presynaptic terminals. Nat. Neurosci. 6, 708–716. doi: 10.1038/nn1074

 Derkach, V. A., Oh, M. C., Guire, E. S., and Soderling, T. R. (2007). Regulatory mechanisms of AMPA receptors in synaptic plasticity. Nat. Rev. Neurosci. 8, 101–113. doi: 10.1038/nrn2055

 Diering, G. H., Nirujogi, R. S., Roth, R. H., Worley, P. F., Pandey, A., and Huganir, R. L. (2017). Homer1a drives homeostatic scaling-down of excitatory synapses during sleep. Science 355, 511–515. doi: 10.1126/science.aai8355

 Fare, C. M., Villani, A., Drake, L. E., and Shorter, J. (2021). Higher-order organization of biomolecular condensates. Open Biol. 6:210137. doi: 10.1098/rsob.210137

 Fukazawa, Y., and Shigemoto, R. (2012). Intra-synapse-type and inter-synapse-type relationships between synaptic size and AMPAR expression. Curr. Opin. Neurobiol. 22, 446–452. doi: 10.1016/j.conb.2012.01.006

 Gallego, L. D., Schneider, M., Mittal, C., Romanauska, A., Carrillo, R. M. G., Schubert, T., et al. (2020). Phase separation directs ubiquitination of gene-body nucleosomes. Nature. 579, 592–597. doi: 10.1038/s41586-020-2097-z

 Goncalves, J., Bartol, T. M., Camus, C., Levet, F., Menegolla, A. P., Sejnowski, T. J., et al. (2020). Nanoscale co-organization and coactivation of AMPAR, NMDAR, and mGIuR at excitatory synapses. Proc. Natl. Acad. Sci. U.S.A. 117, 14503–14511. doi: 10.1073/pnas.1922563117

 Groc, L., and Choquet, D. (2020). Linking glutamate receptor movements and synapse function. Science 368:4631. doi: 10.1126/science.aay4631

 Grutzendler, J., Kasthuri, N., and Gan, W. B. (2002). Long-term dendritic spine stability in the adult cortex. Nature 420, 812–816. doi: 10.1038/nature01276

 Haas, K. T., Compans, B., Letellier, M., Bartol, T. M., Grillo-Bosch, D., Sejnowski, T. J., et al. (2018). Pre-post synaptic alignment through neuroligin-1 tunes synaptic transmission efficiency. Elife 7:e31755. doi: 10.7554/eLife.65689

 Harris, K. M. (2020). Structural LTP: from synaptogenesis to regulated synapse enlargement and clustering. Curr. Opin. Neurobiol. 63, 189–197. doi: 10.1016/j.conb.2020.04.009

 Harris, K. M., Jensen, F. E., and Tsao, B. (1992). Three-dimensional structure of dendritic spines and synapses in rat hippocampus (CA1) at postnatal day 15 and adult ages: implications for the maturation of synaptic physiology and long-term potentiation. J. Neurosci. 12, 2685–2705. doi: 10.1523/JNEUROSCI.12-07-02685.1992

 Hayashi, Y., Ford, L. K., Fioriti, L., McGurk, L., and Zhang, M. (2021). Liquid-liquid phase separation in physiology and pathophysiology of the nervous system. J. Neurosci. 41, 834–844. doi: 10.1523/jneurosci.1656-20.2020

 Hayashi, Y., Shi, S. H., Esteban, J. A., Piccini, A., Poncer, J. C., and Malinow, R. (2000). Driving AMPA receptors into synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain interaction. Science 287, 2262–2267. doi: 10.1126/science.287.5461.2262

 Holderith, N., Lorincz, A., Katona, G., Rozsa, B., Kulik, A., Watanabe, M., et al. (2012). Release probability of hippocampal glutamatergic terminals scales with the size of the active zone. Nat. Neurosci. 15, 988–997. doi: 10.1038/nn.3137

 Hosokawa, T., Liu, P.-W., Cai, Q., Ferreira, J. S., Levet, F., Butler, C., et al. (2021). CaMKII activation persistently segregates postsynaptic proteins via liquid phase separation. Nat. Neurosci. 24, 777–785. doi: 10.1038/s41593-021-00843-3

 Huganir, R. L., and Nicoll, R. A. (2013). AMPARs and synaptic plasticity: the last 25 years. Neuron 80, 704–717. doi: 10.1016/j.neuron.2013.10.025

 Kauer, J. A., and Malenka, R. C. (2007). Synaptic plasticity and addiction. Nat. Rev. Neurosci. 8, 844–858. doi: 10.1038/nrn2234

 Kellermayer, B., Ferreira, J. S., Dupuis, J., Levet, F., Grillo-Bosch, D., Bard, L., et al. (2018). Differential nanoscale topography and functional role of GluN2-NMDA receptor subtypes at glutamatergic synapses. Neuron 100, 106–119. doi: 10.1016/j.neuron.2018.09.012

 Kennedy, M. B., Bennett, M. K., and Erondu, N. E. (1983). Biochemical and immunochemical evidence that the “major postsynaptic density protein” is a subunit of a calmodulin-dependent protein kinase. Proc. Natl. Acad. Sci. U.S.A. 80, 7357–7361. doi: 10.1073/pnas.80.23.7357

 Kennedy, M. J., and Ehlers, M. D. (2006). Organelles and trafficking machinery for postsynaptic plasticity. Annu. Rev. Neurosci. 29, 325–362. doi: 10.1146/annurev.neuro.29.051605.112808

 Kerr, J. M., MacGillavry, H. D., Frost, N. A., and Blanpied, T. A. (2011). Subsynaptic AMPA receptor distribution is acutely regulated by actin-driven reorganization of the postsynaptic density. J. Neurosci. 32, 658–673. doi: 10.1523/jneurosci.2927-11.2012

 Kuriu, T., Inoue, A., Bito, H., Sobue, K., and Okabe, S. (2006). Differential control of postsynaptic density scaffolds via actin-dependent and -independent mechanisms. J. Neurosci. 26, 7693–7706. doi: 10.1523/jneurosci.0522-06.2006

 Lisman, J., Schulman, H., and Cline, H. (2002). The molecular basis of CaMKII function in synaptic and behavioural memory. Nat. Rev. Neurosci. 3, 175–190. doi: 10.1038/nrn753

 Liu, G. S., Choi, S. W., and Tsien, R. W. (1999). Variability of neurotransmitter concentration and nonsaturation of postsynaptic AMPA receptors at synapses in hippocampal cultures and slices. Neuron 22, 395–409. doi: 10.1016/s0896-6273(00)81099-5

 Liu, X., Ramirez, S., Pang, P. T., Puryear, C. B., Govindarajan, A., Deisseroth, K., et al. (2012). Optogenetic stimulation of a hippocampal engram activates fear memory recall. Nature 484, 381–385. doi: 10.1038/nature11028

 MacGillavry, H. D., Song, Y., Raghavachari, S., and Blanpied, T. A. (2013). Nanoscale scaffolding domains within the postsynaptic density concentrate synaptic AMPA receptors. Neuron 78, 615–622. doi: 10.1016/j.neuron.2013.03.009

 Malinow, R., and Malenka, R. C. (2002). AMPA receptor trafficking and synaptic plasticity. Annu. Rev. Neurosci. 25, 103–126. doi: 10.1146/annurev.neuro.25.112701.142758

 Masch, J. M., Steffens, H., Fischer, J., Engelhardt, J., Hubrich, J., Findeisen, J. K., et al. (2018). Robust nanoscopy of a synaptic protein in living mice by organic-fluorophore labeling. Proc. Natl. Acad. Sci. U.S.A. 115, E8047–E8056. doi: 10.1073/pnas.1807104115

 Meyer, D., Bonhoeffer, T., and Scheuss, V. (2014). Balance and stability of synaptic structures during synaptic plasticity. Neuron 82, 430–443. doi: 10.1016/j.neuron.2014.02.031

 Milovanovic, D., Wu, Y., Bian, X., and De Camilli, P. (2018). A liquid phase of synapsin and lipid vesicles. Science 361, 604–607. doi: 10.1126/science.aat5671

 Nair, D., Hosy, E., Petersen, J. D., Constals, A., Giannone, G., Choquet, D., et al. (2013). Super-resolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95. J. Neurosci. 33, 13204–13224. doi: 10.1523/jneurosci.2381-12.2013

 Noguchi, J., Matsuzaki, M., Ellis-Davies, G. C. R., and Kasai, H. (2005). Spine-neck geometry determines NMDA receptor-dependent Ca2+ signaling in dendrites. Neuron 46, 609–622. doi: 10.1016/j.neuron.2005.03.015

 Opazo, P., Labrecque, S., Tigaret, C. M., Frouin, A., Wiseman, P. W., De Koninck, P., et al. (2010). CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin. Neuron 67, 239–252. doi: 10.1016/j.neuron.2010.06.007

 Palay, S. L. (1956). Synapses in the central nervous system. J. Biophys. Biochem. Cytol. 2, 193–202. doi: 10.1083/jcb.2.4.193

 Petersen, J. D., Chen, X. B., Vinade, L., Dosemeci, A., Lisman, J. E., and Reese, T. S. (2003). Distribution of postsynaptic density (PSD)-95 and Ca2+/calmodulin-dependent protein kinase II at the PSD. J. Neurosci. 23, 11270–11278. doi: 10.1523/jneurosci.23-35-11270.2003

 Ray, S., Singh, N., Kumar, R., Patel, K., Pandey, S., Datta, D., et al. (2020). alpha-Synuclein aggregation nucleates through liquid-liquid phase separation. Nat. Chem. 12, 705–716. doi: 10.1038/s41557-020-0465-9

 Sharma, K., Fong, D. K., and Craig, A. M. (2006). Postsynaptic protein mobility in dendritic spines: Long-term regulation by synaptic NMDA receptor activation. Mol. Cell. Neurosci. 31, 702–712. doi: 10.1016/j.mcn.2006.01.010

 Sheng, M., and Hoogenraad, C. C. (2007). The postsynaptic architecture of excitatory synapses: A more quantitative view. Annu. Rev. Biochem. 76, 823–847. doi: 10.1146/annurev.biochem.76.060805.160029

 Shepherd, J. D., and Huganirl, R. L. (2007). The cell biology of synaptic plasticity: AMPA receptor trafficking. Annu. Rev. Cell Dev. Biol. 23, 613–643. doi: 10.1146/annurev.cellbio.23.090506.123516

 Shinohara, Y., and Hirase, H. (2009). Size and receptor density of glutamatergic synapses: a viewpoint from left-right asymmetry of CA3-CA1 connections. Front. Neuroanat. 3:10. doi: 10.3389/neuro.05.010.2009

 Südhof, T. C. (2012). The presynaptic active zone. Neuron 75, 11–25. doi: 10.1016/j.neuron.2012.06.012

 Sugiyama, Y., Kawabata, I., Sobue, K., and Okabe, S. (2005). Determination of absolute protein numbers in single synapses by a GFP-based calibration technique. Nat. Methods 2, 677–684. doi: 10.1038/nmeth783

 Sun, Y., Smirnov, M., Kamasawa, N., and Yasuda, R. (2021). Rapid ultrastructural changes in the PSD and surrounding membrane after induction of structural LTP in single dendritic spines. J. Neurosci. 41, 7003–7014. doi: 10.1523/jneurosci.1964-20.2021

 Tang, A.-H., Chen, H., Li, T. P., Metzbower, S. R., MacGillavry, H. D., and Blanpied, T. A. (2016). A trans-synaptic nanocolumn aligns neurotransmitter release to receptors. Nature 536, 210–214. doi: 10.1038/nature19058

 Tarusawa, E., Matsui, K., Budisantoso, T., Molnar, E., Watanabe, M., Matsui, M., et al. (2009). Input-specific intrasynaptic arrangements of ionotropic glutamate receptors and their impact on postsynaptic responses. J. Neurosci. 29, 12896–12908. doi: 10.1523/jneurosci.6160-08.2009

 Tong, G, and Jahr, CE. (1994). Block of glutamate transporters potentiates postsynaptic excitation. Neuron. 13, 1195–203. doi: 10.1016/0896-6273(94)90057-4

 Toni, N., Buchs, P. A., Nikonenko, I., Povilaitite, P., Parisi, L., and Muller, D. (2001). Remodeling of synaptic membranes after induction of long-term potentiation. J. Neurosci. 21, 6245–6251. doi: 10.1523/JNEUROSCI.21-16-06245.2001

 Wegner, W., Mott, A. C., Grant, S. G. N., Steffens, H., and Willig, K. I. (2018). In vivo STED microscopy visualizes PSD95 sub-structures and morphological changes over several hours in the mouse visual cortex. Sci. Rep. 8:219. doi: 10.1038/s41598-017-18640-z

 Wu, X., Cai, Q., Feng, Z., and Zhang, M. (2020). Liquid-liquid phase separation in neuronal development and synaptic signaling. Dev. Cell 55, 18–29. doi: 10.1016/j.devcel.2020.06.012

 Zeng, M., Chen, X., Guan, D., Xu, J., Wu, H., Tong, P., et al. (2018). Reconstituted postsynaptic density as a molecular platform for understanding synapse formation and plasticity. Cell 174, 1172–1187. doi: 10.1016/j.cell.2018.06.047

 Zeng, M., Diaz-Alonso, J., Ye, F., Chen, X., Xu, J., Ji, Z., et al. (2019). Phase separation-mediated TARP/MAGUK complex condensation and AMPA receptor synaptic transmission. Neuron 104, 529–543. doi: 10.1016/j.neuron.2019.08.001

 Zeng, M., Shang, Y., Araki, Y., Guo, T., Huganir, R. L., and Zhang, M. (2016). Phase transition in postsynaptic densities underlies formation of synaptic complexes and synaptic plasticity. Cell 166, 1163–1175. doi: 10.1016/j.cell.2016.07.008

 Zhang, H., Ji, X., Li, P., Liu, C., Lou, J., Wang, Z., et al. (2020). Liquid-liquid phase separation in biology: mechanisms, physiological functions and human diseases. Sci. China-Life Sci. 63, 953–985. doi: 10.1007/s11427-020-1702-x

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.

Copyright © 2021 Hosokawa and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Regulation of the Stability and Localization of Post-synaptic Membrane Proteins by Liquid-Liquid Phase Separation



		Introduction



		The Nanodomain of AMPAR as a Molecular Mechanism of Synaptic Plasticity



		Liquid-Liquid Phase Separation as a Regulatory Mechanism of PSD



		The PSD LLPS Protein Condensate and the AMPAR Nanodomain



		From LLPS to Synaptic Plasticity



		Regulation and Stability of LLPS Protein Condensate of PSD Proteins



		Regulation and Stability of PSD



		Dynamics of AMPAR and Synaptic Plasticity







		Discussion



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Physiology

Regulation of the Stability and
Localization of Post-synaptic
Membrane Proteins by Liquid-Liquid
Phase Separation





OPS/images/fphys-12-795757-g001.gif





OPS/images/fphys-12-795757-t001.jpg
Up-regulation Down-regulation

LLPs Condensate with nanodomain-like structure Dispersion
PSD Clustering of proteins Loss of proteins
Receptor Stabilize as nanodomain Lateral diffusion
Synapse  Potentation Depression

LLPS-mediated condensation of PSD proteins with nanodomain-like structures
corresponds to the clustering of PSD, stabilization of AMPAR as nanodomain, and
synaptic potentiation. In contrast, the dispersion of PSD protein condensate corresponds
to the loss of scaffolding proteins in the PSD, increased lateral diffusion, and
synaptic depression.
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