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Abstract: Synaptic plasticity has been considered a key mechanism underlying many brain functions
including learning, memory, and drug addiction. An increase or decrease in synaptic activity of
the q-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) complex mediates
the phenomena as shown in the cellular models of synaptic plasticity, long-term potentiation (LTP),
and depression (LTD). In particular, protein phosphorylation shares the spotlight in expressing
the synaptic plasticity. This review summarizes the studies on phosphorylation of the AMPAR
pore-forming subunits and auxiliary proteins including transmembrane AMPA receptor regulatory
proteins (TARPs) and discusses its role in synaptic plasticity.
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protein; synaptic plasticity

1. Introduction

Animal behavior is dynamic. One of the essential features of brain function is the ability to be dynamic
in order to express various behaviors. Selective strengthening and weakening of synaptic transmission
have been modeled as a critical mechanism for many brain functions including learning, memory,
and drug addiction. Long-term potentiation (LTP) and depression (LTD) are well-characterized
models of synaptic plasticity, and they can be regulated by changes at presynaptic (e.g., changes in
the release of neurotransmitters) and postsynaptic (e.g., changes in the number and properties of
neurotransmitter receptors) sites. Importance of the x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) complex has emerged notably in LTP and LTD. In particular, protein
phosphorylation is well known to play a pivotal role in the expression of synaptic plasticity, for
example, Ca?* /CaM-dependent protein kinase I (CaMKII) in hippocampal LTP [1-3]. This review
gives an overview of the studies on phosphorylation of the AMPAR pore-forming subunits and
auxiliary proteins including transmembrane AMPA receptor regulatory proteins (TARPs) and discusses
its role in those plastic cellular phenomena.

2. AMPAR Complex

AMPARSs are predominantly distributed at excitatory synapses and mediate the majority of fast
transmission. The AMPAR complex consists of four pore-forming subunits (GluA1-4) and auxiliary
proteins including TARP, cornichons-like (CNIH), and cysteine-knot AMPAR modulating protein
(CKAMP)/Shisa family in the brain [4-9]. Knockout mice of GluA1, TARPy-8, or CNIH-2/-3 show a
substantial reduction in hippocampal LTP [10-12], and GluA2 knockout leads to LTD impairment in
cultured cerebellar neurons and anterior cingulated cortex slices [13,14], highlighting their significance
for synaptic plasticity.
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3. Phosphorylation of the Pore-Forming Subunits: GluA1

To elucidate how phosphorylation regulates synaptic plasticity, extensive research has been
conducted to identify phosphorylation sites on the pore-forming subunits [15]. Based on the revised
topology [16], the C-terminal intracellular region of the GluA1 subunit has emerged as a potential
phosphorylation target (Figure 1).
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Figure 1. Schematic illustration of c-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) subunit structure and phosphorylation sites in the intracellular loop 1 and C-terminal region
(referred to [15]). The identified phosphorylation sites are shown in red, and the protein kinases are
listed below the sites in blue. The conserved three tyrosine residues on GluA2 and GluA3 subunits are
underlined. M14 indicates transmembrane domains. CaMKII = Ca?* /CaM-dependent protein kinase
II; PKC = protein kinase C; PKA = cAMP-dependent protein kinase; PAK3 = p21-activated kinase-3.

A serine residue (Ser) at 831 in the intracellular region (Ser831) is one of the most attractive
phosphorylation sites of the GluA1 subunit. In vitro phosphorylation assays reveal that Ser831 can be
directly phosphorylated by CaMKII [17] or protein kinase C (PKC) [18]. Ser831 phosphorylation is
also shown on transiently expressed GluAl in a heterologous cell line (a quail-origin fibroblast, QT6)
co-transfected with a constitutively active form of CaMKII [19] and in a PKC- and cAMP-dependent
protein kinase (PKA)-activating condition of human embryonic kidney 293 (HEK293) cells (treated with
phorbol 12-myristate 13-acetate, forskolin, and 3-isobutyl-1-methylxanthine) [18], respectively.
Therefore, this single site can be a shared target that can be phosphorylated by two different kinases:
CaMKII and PKC. Functional studies with whole-cell recording or outside-out membrane patches
reveal that Ser831 phosphorylation is critical for CaMKII- or PKC-induced AMPAR potentiation and
channel conductance enhancement in heterologous systems [17,20,21].

A serine residue at 845 (Ser845) is another phosphorylation target site that has been characterized
well. In vitro phosphorylation assay with purified PKA identifies direct phosphorylation at Ser845 [18].
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In heterologous cells, PKA activation (by forskolin and 3-isobutyl-1-methylxanthine) induces Ser845
phosphorylation on transiently expressed GluA1 [18,19]. Recording of whole-cell patches or single-
channel currents with PKA infusion reveals that Ser845 is necessary for PKA-induced AMPAR
potentiation and enhancement of channel open probability [18,22]. The positive effects of Ser831
and Ser845 phosphorylation on AMPAR potentiation and channel conductance may contribute to
synaptic plasticity upon stimulation.

In ex vivo slices, phosphorylation at Ser831 and Ser845 of GluA1 highly correlates with LTP and
LTD. To describe their phosphorylation states, phosphorylation site-specific antibodies have been
developed and validated by activation of PKC (by phorbol dibutyrate) and PKA (by forskolin and
3-isobutyl-1-methylxanthine) in rat hippocampal slices [19]. Theta burst stimulation (TBS)-induced
LTP increases Ser831 phosphorylation (but not at Ser845) in rat hippocampal slices, and the subsequent
low-frequency stimulation (LFS)-induced depotentiation decreases the phosphorylation [23]. This is
consistent with the notion that Ser831 residue of GluA1 subunit can be phosphorylated by CaMKII,
which is required for LTP [3,17,24]. In contrast, Ser845 phosphorylation (not at Ser831) reduces in the
LFS-induced LTD condition of rat hippocampal slices [23].

PKC is known to phosphorylate other sites on the GluAl subunit. Autoradiograph and
phosphorylation site-specific antibody combined with purified C-terminal mutants of GluA1 reveal
that PKC (but not CaMKII) can directly phosphorylate Ser818 in vitro, and Ser818 phosphorylation
increases upon chemical LTP and TBS [25]. Thr840 is another PKC target site that was uncovered
by in vitro phosphorylation assays, a phosphorylation site-specific antibody, and PKC activation
(by phorbol ester) or inhibition (by G66976 or chelerythrine) in hippocampal slices [26,27]. Interestingly,
Thr840 phosphorylation inhibits a PKA-mediated increase in Ser845 phosphorylation and subsequent
AMPAR potentiation whereas a phospho-mimetic aspartate mutation at Ser845 (S845D) inhibits
PKC-mediated Thr840 phosphorylation in vitro and in hippocampal slices [27]. This suggests
that GluA1 phosphorylation may regulate AMPAR channel properties dynamically depending on
upstream kinase signaling pathways. This idea that the GluA1 subunit has a hyper-regulatory domain
with multiple phosphorylation sites is also supported by a study that single or multiple aspartate
mutations at Ser818, Thr840, and Ser831 residues enhance the weighted mean channel conductance [28].
In addition, surface expression and synaptic trafficking of AMPARSs can be regulated by p21-activated
kinase-3 (PAK3)-mediated Ser863 phosphorylation [29] and CaMKII-mediated phosphorylation of
Ser567 residue in the loop 1 of GluA1 subunits [30]. This information is listed in Table 1.
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Table 1. Phosphorylation of AMPAR pore-forming subunits and auxiliary proteins and their involvement in synaptic plasticity. LTP = long-term potentiation; LTD =

long-term depression; TBS = theta burst stimulation; KO = knockout; TARP = transmembrane AMPA receptor regulatory proteins; CKAMP = cysteine-knot AMPAR

modulating protein; GRIP = glutamate receptor-interacting protein; ERK2 = extracellular signal-regulated protein kinase 2; p38 MAPK = p38 mitogen-activated

protein kinase.

Involvement in Synaptic

Protein Target Site Kinase Identification Effect on the AMPAR Complex ..
Plasticity

In vitro; Phospho-specific antibody with ~ Regulation of synaptic

Ser567 CaMKII rat hippocampal lysate [30] trafficking [30]
In vitro; PKC activation of heterologous Enhancement of the weighted mean A correlational increase

Ser818 PKC cells; Phospho-specific antibody with rat channel conductance [28% upon chemical LTP and
cortical lysate [25] TBS [25]
In vitro [17]; Co-expression of a
constitutively active CaMKII in

CaMKII heterologous cells [19]; Phospho-specific . ) )

antibody with rat hippocampal Potentiation of AMPAR current [17]; A correlational increase

Ser831 lvsate [19 23 Enhancement of channel upon LTP [23]
ysate [19,23] conductance [20,21]

GluAl PKC In vitro; PKC- and PKA-activation of

heterologous cells [18]
In vitro [26,27]; Phosphopeptide Inhibition of PKA-induced AMPAR

Thr840 PKC mapping of hippocampal slices [26]; potentiation [27]; Enhancement of the A correlational change
Phospho-specific antibody with mouse weighted mean channel upon PKC activity [26,27]
hippocampal lysate [26,27] conductance [28]
In vitro [18]; PKA activation of Potentiation of AMPAR current [18]; .

Ser845 PKA heterologous cells [18,19]; Enhancement of channel openin A correlational decrease
Phospho-specific antibody with rat robability [22] P & upon LTD [23]
hippocampal lysate [19,23] P Y
In vitro; Co-expression in heterologous

Ser863 PAK3 cells; Phospho-specific antibody with Regulation of surface expression [29]

cortical lysate [29]
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Table 1. Cont.

Involvement in Synaptic

Protein Target Site Kinase Identification Effect on the AMPAR Complex ..
Plasticity
In vitro; PKC activation of heterologous
Ser863 PKC cells; Phospho-specific antibody with
cortical lysate [31]
Tyr876 Lyn Co-expression in heterologous cells [32] =~ Regulation of GRIP binding [32,33]
GluA2 %Zggg’ Internalization of GluA2 subunits A correlational increase
Tyr876 [32,34] upon LTD [34]
. o Contribution to LTD in
Ser880 PKC In vitro; PKC activation of heterologous o 1ti0n of GRIP binding [33] GluA2 KO cerebellar
cells [31,33] ..
Purkinje cell cultures [13]
Thr830 PKC In vitro [35]
Serd? CaMKIl n vitro [35] Synaptic incorporation of GluA4 A correlational increase
GluA4 er PKC In vitro [35] subunits [36] upon PKA activation [36]
PKA In vitro; PKC activation of heterologous
cells [35]
Ser228,
Ser237,
Ser239,
Ser240, Phosphopeptide mapping of Dissociation of the cytoplasmic Contribution to LTP in
) Ser241, CaMKII, PKC heterologous cells and cortical domain from the plasma hippocampeal slice
Stargazin/ Ser243, neurons [37] membrane [38,39] culture [37]
TARPy-2 Ser247,
Ser249,
Ser253
Thr321 PKA, ERK2, p38 In vitro [40] Regulation of PSD-95 binding [40]
MAPK
Ser277, oo . . Enhancement of synaptic AMPAR A correlational increase
TARPy-8 Ser281 CaMKII In vitro; Radio-Edman sequencing [41] activity [41] upon chemical LTP [41]
CKAMP44/ In vitro; PKC activation of heterologous
Shisa9 N/A PKC cells [42]
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4. Significance of GluA1 Phosphorylation for Synaptic Plasticity: Knock-In Mouse Studies

The phosphorylation studies using heterologous cell systems and overexpression of GluAl
mutants have provided us with valuable mechanistic information. However, it has to be validated
in more physiological conditions such as targeted knock-in mouse models (Table 2). A ‘Penta’
phosphomutant mouse line is generated with alanine mutations at Ser831, Thr838, Ser839, Thr840, and
Ser845 [26]. The ‘Penta’ phosphomutant mice show a reduction in LTP and LTD compared to that of
wild-type mice at adult (~3-month-old) but not young (3—4-week-old) stage [26], suggesting that some
or all of those five phosphorylation sites are necessary for synaptic plasticity and there are different
mechanisms involved in those phenomena depending on age. The reduced LTP and LTD in adult mice
are also shown in a “Double’ phosphomutant mouse line that lacks phosphorylation at Ser831 and
Ser845 residues, suggesting that the other three sites including Thr840 may not contribute additionally
to synaptic plasticity [43]. Interestingly, a single knock-in mouse that has an alanine mutation at Ser831
residue exhibits intact LTP and LTD at adult and young stages [44]. This may suggest that there are
other CaMKII substrates that contribute to LTP more than Ser831 phosphorylation of GluA1 subunits
because disrupting CaMKII shows impairment in LTP in a knockout mouse or a knock-in mouse
of a mutant CaMKII [3,24]. One of the possible candidates for CaMKII substrates could be Ser567
residue in the loop 1 of GluA1 subunits as it is shown to be involved in the synaptic targeting of
AMPARs [30], but Ser567 phosphorylation has not been validated yet by a knock-in study. On the other
hand, a single knock-in mouse that lacks Ser845 phosphorylation displays an abolished LTD at adult
and young stages [44], consistent with the previous finding that Ser845 phosphorylation correlates
with LFS-induced LTD condition in rat hippocampal slices [23].

Table 2. Targeted knock-in mouse studies of AMPAR and TARP phosphorylation sites.

Phosphorylation Site (Mutated to

Protein Alanine Residues) Effect on Synaptic Plasticity
Ser831, Thr838, Ser839, Thr840, and Ser845 A reduction in LTP and LTD at adult stage [26]
GluAl Ser831 and Ser845 A reduction in LTP and LTD at adult stage [43]
Ser831 Normal LTP and LTD [44]
Ser845 Abolished LTD [44]

Ser228, Ser237, Ser239, Ser240, Ser241,
Ser243, Ser247, Ser249, and Ser253

TARPy-8 Ser277 and Ser281 A reduction in LTP [41]

Stargazin/TARPy-2 Normal LTP [41]

5. Phosphorylation of the Pore-Forming Subunits: GluA2 and GluA3

Unlike GluA1l, no CaMKII phosphorylation is detected on transiently expressed GluA2 in
HEK293 cells [17]. However, the C-terminal intracellular region of the GluA2 subunit serves
phosphorylation substrate sites (Table 1) despite the limited homology to the GluA1l’s C-terminal
region (Figure 1). In vitro phosphorylation and phosphopeptide mapping reveal that PKC can directly
phosphorylate GluA2 subunits at Ser863 and Ser880 [31,33]. Phosphorylation site-specific antibodies
also show that Ser863 and Ser880 residues are phosphorylated on transiently expressed GluA2 in
a PKC-activating condition of HEK293 cells (treated by phorbol 12-myristate 13-acetate) [31,33].
The Ser863 phosphorylation likely exists in vivo brains as shown by an immunoblot of rat brain
homogenates using the phosphorylation site-specific antibody [31].

LTD is abolished in cultured cerebellar Purkinje cells from GluA2 knockout mice, and the
abolished LTD can be rescued by transient expression of the wild-type GluA2 subunit [13]. However,
expression of a mutant form of GluA2 that lacks Ser880 phosphorylation fails to restore LTD whereas
expression of its phospho-mimetic form with a glutamate mutation at Ser880 residue occludes LTD,
suggesting the importance of Ser880 phosphorylation in cerebellar LTD [13].
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The C-terminal ends of GluA2 and GluA3 subunits uniquely have three conserved tyrosine residues
(Figure 1). Immunoblots with anti-phosphotyrosine (PY20) antibody of immunoprecipitated GluA2
or GluA3 from mouse brains show their tyrosine phosphorylation [32]. Tyrosine phosphorylation-
specific antibody against the C-terminal part of GluA2 subunits and site-specific mutants further
identify that a Src family protein tyrosine kinase Lyn phosphorylates Tyr876 of GluA2 subunits [32].
The phosphorylation at the C-terminal end of GluA2 subunits (i.e., Tyr876 and Ser880 adjacent to its
PDZ-binding motif) negatively regulates GluA2 binding to glutamate receptor-interacting protein
(GRIP) [32,33], which is a synaptic PDZ domain-containing protein [45]. The C-terminal tyrosine
phosphorylation on GluA2 subunits (including Tyr876) is required for AMPA-, N-methyl-D-aspartate
(NMDA)-, and insulin-induced internalization of GluA2 subunits in cultured cortical neurons [32,34].
LFS-induced LTD condition correlates with an increase in tyrosine phosphorylation of GluA2 subunits
in homogenates from the stimulated rat hippocampal slices [34]. Also, the C-terminal peptide
of wild-type GluA2 (but not a mutant with alanine substitution at Tyr869, Tyr873, and Tyr876)
in an intracellular recording solution interferes with LFS-induced LTD, suggesting that tyrosine
phosphorylation of GluA2 subunits is required for LFS-induced hippocampal LTD [34].

6. Phosphorylation of the Pore-Forming Subunits: GluA4

Transiently expressed GluA4 subunits are phosphorylated in a PKC-activating (by phorbol
12-myristate 13-acetate) or PKA-activating (by forskolin) condition of HEK293T cells [35]. Phosphopeptide
mapping identifies Ser842 residue as the major phosphorylation site in the C-terminal intracellular
region of GluA4 subunits, which can be phosphorylated by CaMKII, PKC, and PKA in vitro and in a
PKA-activating condition of HEK293T cells [35] (Table 1). Also, PKC can phosphorylate Thr830 residue of
GluA4 [35].

PKA activity is necessary and sufficient for synaptic incorporation of GluA4 subunits in
hippocampal slices [36]. The PKA activation (by forskolin and 3-isobutyl-1-methylxanthine) leads to
AMPAR potentiation and an increase in Ser842 phosphorylation of GluA4 subunits in hippocampal
slices [36].

7. TARP Phosphorylation and Its Roles in LTP

AMPARs exist in the brain as a protein complex with auxiliary proteins (e.g., TARP, CNIH,
and CKAMP/Shisa) [4,9,46-48]. Stargazin/TARPy-2 is firstly focused, as its mutant mice (termed
stargazer) show a loss of AMPAR-mediated transmission in cerebellar granule cells [49,50]. The TARP
family comprises two classes, type I (stargazin/ TARPy-2, y-3, y-4, and v-8) and type II (TARPy-5
and v-7) [9,51]. TARPs have four transmembrane domains (Figure 2) and regulate trafficking and
channel properties of AMPARSs [9,52-54]. TARP shows differential expression patterns in adult rodent
brains, for example, stargazin/TARPy-2 is the dominant isoform of TARPs in the cerebellum whereas
TARPy-8 is highly enriched in the hippocampus [51], suggesting distinct roles of each member in
different brain regions.
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Figure 2. Schematic illustration of TARP isoform structure and phosphorylation sites in the part of
the C-terminal cytoplasmic tail of each isoform (referred to [37]). The identified phosphorylation
sites are shown in red, and adjacent arginine residues are indicated in green. The conserved serine
residues of stargazin/TARPy-2 phosphorylation sites are highlighted in yellow. M1-4 indicates
transmembrane domains.

Phosphorylation of stargazin/TARPy-2 was firstly described. Both extra-synaptic (Triton X-100-
soluble) and post-synaptic density (Triton X-100-insoluble) fractions show phosphorylation of
stargazin/TARPy-2 [37]. Intriguingly, the post-synaptic density fraction dominantly displays the
highest degree of stargazin/TARPy-2 phosphorylation whereas the extra-synaptic fraction has
multiple phosphorylation bands with variable degrees, suggesting that synaptic stargazin/TARPy-2 is
preferentially phosphorylated [37]. The phosphorylation sites of stargazin/TARPy-2 are identified
as nine serine residues at 228, 237, 239, 240, 241, 243, 247, 249, and 253 in the C-terminal cytoplasmic
tail (mouse stargazin/TARPy-2) by phosphopeptide mapping with primary cortical neurons and
transfected Chinese hamster ovary (CHO) cells [37] (Table 1). CaMKII and PKC can be the kinases
for stargazin/TARPy-2 phosphorylation as shown by in vitro phosphorylation assays and inhibitor
studies [37]. A stargazin/TARPy-2 phospho-mimetic knock-in mouse line that has aspartate mutations
at all those nine serine residues (S9D) (Stargazin®P) shows an increase in synaptic AMPAR activity
in cerebellar mossy fiber-granule cell synapses [38], consistent with the notion that phosphorylated
forms of stargazin/TARPy-2 are dominant in the post-synaptic density fraction [37]. In hippocampal
slice cultures, LTP is occluded by expression of a phospho-mimetic form of stargazin/TARPy-2
(S9D) and prevented by expression of a phospho-deficient stargazin/TARPy-2 that has alanine
mutations (S9A) [37]. Also, Thr321 of stargazin/TARPy-2 can be phosphorylated by PKA, extracellular
signal-regulated protein kinase 2, and p38 mitogen-activated protein kinase in vitro [40].

Phosphorylation of TARPy-8 by CaMKII is shown by in vitro phosphorylation assays [41].
The nine phosphorylation sites of stargazin/TARPy-2 are highly conserved in all four TARP isoforms
including TARPY-8 (e.g., serine at 264, 273, 275, 276, 277, 280, 284, 286, and 290 of mouse TARPY-8),
and TARPy-8 uniquely has one more serine residue at 281 [37,41] (Figure 2). In vitro phosphorylation
assay and radio-Edman sequencing identify Ser277 and Ser281 as CaMKII phosphorylation sites on
TARPy-8 [41] (Table 1). A TARPy-8 knock-in mouse line containing alanine mutations at Ser277 and
Ser281 residues (TARPy-8“™) shows a substantial reduction in hippocampal LTP, suggesting that
CaMKII phosphorylation of TARPY-8 at these two sites is required for LTP [41] (Table 2). The possible
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contribution of stargazin/TARPy-2 phosphorylation, TARPy-3, and TARPy-4 to hippocampal LTP
may be excluded because hippocampal LTP is intact in both a stargazin/ TARPy-2 knock-in mouse line
that lacks the nine phosphorylation sites (Stargazin®*) and a triple mutant mouse with Stargazin®*
knock-in plus knockout of TARPy-3 and TARPy-4 [41]. Previously, TARPy-8 knockout mice exhibited a
substantial reduction in LTP, but not LTD, as well as altered expression of AMPAR subunits (i.e., GluAl
and GluAZ2) [11]. Possible secondary effect of the altered protein expression on the LTP impairment
can be ruled out because the TARPy-8“™ knock-in mice with S277A and S281A show no obvious
differences in AMPAR expression compared to wild-type mice [41]. In addition, overexpression of a
TARPy-8 phospho-mimetic form with aspartate mutations at Ser277 and Ser281 is sufficient to enhance
synaptic AMPAR activity in the hippocampus [41].

The molecular mechanism for how TARP phosphorylation regulates synaptic AMPAR activity
is one of the most interesting topics in synaptic plasticity. In the C-terminal cytoplasmic tail
of TARPs, the serine sites are adjacent to many arginine residues (e.g., arginine residues at 225,
230, 232, 235, 236, 238, 242, and 250 of mouse stargazin/TARPy-2) (Figure 2). The positive
charges from these arginine residues of stargazin/TARPy-2 can directly bind to negatively
charged lipids in vitro, for example, phosphatidic acid, phosphatidylinositol-4-phosphate (PIP),
phosphatidylinositol-4,5-bisphosphate (PIP;), and phosphatidylinositol-3,4-5-triphosphate (PIP3) [38].
Phospho-mimetic S9D mutations (aspartate substitution at nine serine residues of stargazin/TARPy-2)
disrupt the electrostatic interaction between the cytoplasmic domain of stargazin/TARPy-2 and
the negatively charged lipids [38]. Consistently, the charge-dependent dissociation of the TARP
cytoplasmic domain from the plasma membrane occurs in cultured hippocampal neurons [39].
Fluorescence lifetime imaging microscopy reveals that the phospho-mimetic S9D mutant of
stargazin/TARPy-2 (GFP-tagged right after the arginine/serine-rich domain) exhibits a longer
GFP lifetime than wild-type stargazin/TARPy-2 due to being further from the plasma membrane
(stained by a plasma membrane marker R18; octadecyl rhodamine B chloride), suggesting that the
C-terminus of the phospho-mimetic form of stargazin/TARPy-2 extends further into the cytoplasm
than wild-type [39]. As discussed earlier, highly phosphorylated forms of stargazin/TARPy-2 are
dominant in the post-synaptic density fraction [37], and the Stargazin°® knock-in mice show an increase
in synaptic AMPAR activity [38]. Taken together, TARP phosphorylation may disrupt the membrane
binding of the C-terminal cytoplasmic tail to trigger a synaptic enhancement of AMPAR activity.

Since all TARP isoforms commonly have the eight to nine arginine residues adjacent to the
phosphorylation sites (Figure 2), it would not be surprising that other TARP isoforms behave in
a similar way to stargazin/TARPy-2 in terms of the binding to/dissociation from membranes.
For example, it is possible that CaMKII phosphorylation at Ser277 and Ser281 of TARPy-8 may
lead to dissociation of the cytoplasmic tail from the plasma membrane to enhance synaptic AMPAR
activity in the hippocampus as does stargazin/TARPy-2 in cerebellar granule cells. This model is
further supported by a study with a TARPy-8 knock-in mouse line (TARPy-8%) that lacks the last
four amino acids, a PDZ-binding motif. The interaction between PDZ-binding motifs of TARPs
and membrane-associated guanylate kinase family proteins (e.g., PSD-95) is proposed to stabilize
AMPAR-TARP complexes at synapses. Consistent with this idea, TARPy-84 knock-in mice exhibit
~30% reduction in basal AMPAR transmission in the hippocampus [55]. However, hippocampal LTP is
intact in the TARPy-8 knock-in mice [55], suggesting that PDZ binding of TARPy-8 is not necessary
for LTP expression.

8. Phosphorylation of Other Auxiliary Proteins of AMPAR

Accumulating reports have identified more auxiliary proteins of the AMPAR complex, such as
CNIH, germ cell-specific gene 1-like protein (GSG1-L), and CKAMP /Shisa [9,46—48]. CNIH-2/-3 are
identified by proteomic analysis of native AMPAR complexes from rat brains [56]. CNIHs regulate
surface expression and channel properties of AMPARs in heterologous cells and mouse brain slices [12,
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56,57]. GSG1-L also modulates AMPAR trafficking and desensitization in heterologous cells [58,59].
However, phosphorylation of CNIHs and GSG1-L remains unknown.

Among the binding proteins to AMPARs [47,58], CKAMP44 /Shisa9 is known to be phosphorylated
by PKC and protein interacting with C kinase 1 (PICK1) [42]. In vitro phosphorylation assay and
Phos-tag polyacrylamide gel electrophoresis reveal that CKAMP44/Shisa9 can be phosphorylated
by PKC in vitro and in a PKC-activating condition of COS-7 cells (treated by phorbol 12-myristate
13-acetate) [42]. However, the phosphorylation sites and their involvement in synaptic plasticity
are unknown.

9. Closing Remarks

Phosphorylation of the pore-forming subunits and auxiliary proteins of the AMPAR complex
has been extensively studied. The broad spectrum of biochemical approaches such as in vitro
phosphorylation assay, phosphopeptide mapping, phosphorylation site-specific antibodies, and
Phos-tag polyacrylamide gel electrophoresis has allowed us to identify the actual phosphorylation
sites and to describe their states in synaptic plasticity. Combined with the biochemical approaches,
in vivo and ex vivo studies including genetically modified mice and electrophysiological analyses
have found compelling phenomena and their molecular and cellular mechanisms. However, many
questions remain in the field of synaptic plasticity, in particular, in regards to proteomics. Although the
native AMPAR complex constituents were recently profiled by proteomics [58], phosphoproteomics of
the native complex has not been reported yet. Very little is known to date regarding phosphorylation
of many AMPAR complex constituents including TARPs, CNIHs, GSG1-L, and CKAMPs. Also, roles
of the previously identified phosphorylation sites of the complex in synaptic plasticity need to be
investigated further in more physiological conditions (e.g., targeted knock-in mice). Accumulating
knowledge from the phosphorylation studies of the native AMPAR complex will provide us with
more insight into the activity-dependent dynamic changes at synapses that underlie various animal
behaviors. Although this review is only limited to AMPAR complex proteins, other synaptic proteins
including neurotransmitter receptors and scaffolding proteins may serve as phosphorylation substrates
that contribute to synaptic plasticity.
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