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Abstract

Lithium (Li*) is a drug widely employed for treating bipolar disorder, however the mechanism of
action is not known. Here we study the effects of Li* in cultured hippocampal neurons on a
synaptic complex consisting of &-catenin, a protein associated with cadherins whose mutation is
linked to autism, and GRIP, an AMPA receptor (AMPAR) scaffolding protein, and the AMPAR
subunit, GIuA2. We show that Li* elevates the level of &-catenin in cultured neurons. &-catenin
binds to the ABP and GRIP proteins, which are synaptic scaffolds for GIuA2. We show that Li*
increases the levels of GRIP and GluA2, consistent with Li*-induced elevation of &-catenin. Using
GluA2 mutants, we show that the increase in surface level of GIuA2 requires GIuA2 interaction
with GRIP. The amplitude but not the frequency of mEPSCs was also increased by Li* in cultured
hippocampal neurons, confirming a functional effect and consistent with AMPAR stabilization at
synapses. Furthermore, animals fed with Li* show elevated synaptic levels of 6-catenin, GRIP, and
GIuA2 in the hippocampus, also consistent with the findings in cultured neurons. This work
supports a model in which Li* stabilizes &-catenin, thus elevating a complex consisting of &-
catenin, GRIP and AMPARs in synapses of hippocampal neurons. Thus, the work suggests a
mechanism by which Li* can alter brain synaptic function that may be relevant to its
pharmacologic action in treatment of neurological disease.

Introduction

The efficacy of lithium (Li*) as an antimanic and antidepressant drug makes it frequently
employed for treatment of Bipolar Disorder (BD), an illness characterized by recurrent
episodes of mania and depression (Geddes et a/, 2004). Although Li* has been used for
treatment of BD for years, its mechanism of action is not established. Li* has been proposed
to alter electrolyte balance, monoamine neurotransmitter release, adenylyl cyclase function,
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phosphoinositides and PKC, and arachadonic acid metabolism (Marmol, 2008).
Significantly, there is strong evidence that Li* acts as a mood stabilizer through its inhibition
of GSK3p (Glycogen synthase kinase 3 beta) since this inhibition has been shown to
counteract symptoms of depression and mania (Chuang and Manji, 2007; O’Brien and
Klein, 2009). GSK3p, the predominant isoform of GSK3 found in the brain, is a serine/
threonine kinase that plays an important role in several cellular processes (Jope and Johnson,
2004). Li* reduces GSK3p activity by elevating the Akt-dependent phosphorylation of
GSK3p autoinhibitory residue, serine 9 (Zhang et a/, 2003) or by competing with
magnesium for enzyme binding (Ryves and Harwood, 2001). Because GSK3p has been
linked to cognitive processes, GSK3B inhibitors such as Li* may be useful therapeutic
interventions for brain disorders that have a cognitive basis including bipolar disorder,
depression, and schizophrenia (O’Leary and Nolan, 2015). However, the mechanisms
underlying the pro-cognitive effects of GSK3p inhibitors are not yet understood.

Regulation of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid,) receptors
(AMPARS) has been proposed as a means for treating depression and mania (Li et a/, 2001,
O’Neill et al, 2004). AMPARSs are glutamate-gated ion channels that consist of tetramers of
subunits GluA1-4 (Hollmann and Heinemann, 1994). One action of Li* that is dependent on
GSK3p inhibition is the ability to regulate protein stability (O’Leary et a/, 2015; Xu et al,
2009), suggesting that therapeutic activity of Li* could depend on protein stabilization, in
particular, stabilization of synaptic proteins. Indeed, the Li*-mediated inhibition of GSK3p
elevates catenins, which are armadillo (ARM) repeat proteins that bind to the intracellular
domain of cadherins at adherens junctions and that contribute to the architecture of synapses
(Takeichi, 1988). p-catenin links cadherins to the actin cytoskeleton (Valenta ef a/, 2012) and
binding of Wnt to its receptor, frizzled, induces GSK3p-induced phosphorylation of -
catenin, leading to p-catenin ubiquitination and degradation (Metcalfe and Bienz, 2011).
Inhibition of GSK3p by Li* stabilizes B-catenin and elevates its levels (Hedgepeth et a/,
1997). Significantly, GSK3p also phosphorylates and regulates a closely related protein, &-
catenin (Bareiss et al, 2010; Oh et af, 2009). 6-catenin (also called neural plakophilin-related
armadillo protein, NPRAP) is a neuron-specific catenin that also binds the cadherin
intracellular domain, proximal to the plasma membrane (Kosik et a/, 2005; Paffenholz and
Franke, 1997). The ARM domains of &-catenin mediate interaction with N-cadherin
(Silverman et a/, 2007) and the carboxyl terminus of &-catenin binds to PDZ domains of two
related scaffolds, AMPAR-binding protein (ABP) and glutamate receptor-interaction protein
(GRIP) (Kosik et al, 2005; Silverman et al, 2007; Yuan et al, 2015) (Fig. 1a). ABP and GRIP
are multi-PDZ domain components of the postsynaptic density (PSD), whose PDZ domains
in turn bind the C-termini of the GIuA2 and GIuA3 AMPARs (Dong et a/, 1997; Srivastava
et al, 1998) (Fig. 1a). Thus, &-catenin forms a bridge at synapses between cadherins and the
ABP and GRIP scaffolds and associated GluA2/3-containing AMPARSs (Silverman et a/,
2007; Yuan et al, 2015) (Fig. 1a). Furthermore, &-catenin promotes dendritic morphogenesis
via Aktl-mediated phosphorylation (Kim et a/, 2008). Significantly, the loss of &-catenin
gene is associated with the severe mental retardation found in the Cri du chat syndrome
(Medina et al, 2000). &-catenin knockout (KO) mice show impairments in hippocampal
synaptic plasticity, including short-term and long-term plasticity, which is strongly
associated with severe defects in cognitive function (Israely et a/, 2004). Furthermore, N-
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cadherin, PSD-95 (post synaptic density-95), and GIuA2 are significantly reduced,
contributing to spine loss in the hippocampal synapse of the mutant animal (Israely et a/,
2004; Restituito ef af, 2011; Yuan et a/, 2015). A recent study shows that loss of 6-catenin
function by missense mutations causes severe autism (Turner ef a/, 2015). Taken together, &-
catenin is a critical regulator of spine architecture and brain function (Fig. 1a). Therefore, an
increase in &-catenin at synapses by Li*-dependent inhibition of GSK3p could stabilize
synaptic GluA2/3 and spine integrity, which could be beneficial for neurological disorders,
including BD and autism.

Here, we analyze effects of Li* on the levels of synaptic GIuA2 and GRIP anchored at
synapses via a scaffolding complex containing &-catenin in hippocampal neurons. We show
that consistent with Li* inhibition of GSK3B-dependent degradation of &-catenin, Li*
elevates the levels of a synaptic protein complex consisting of §-catenin and the GRIP
scaffold. GIuA2 is also elevated in these complexes, dependent upon its ability to bind to
GRIP. Moreover, we confirm that these Li*-mediated synaptic changes also occur /n vivo.
This work thus demonstrates a Li*-dependent modification of synapses that may underlie the
mechanism of its therapeutic action.

Materials and Methods

Hippocampal neuron culture

Primary rat hippocampal neuron cultures were prepared by a previously described protocol
(Osten et al, 1998; Restituito ef a/, 2011). Animal experiments were conducted in
compliance with the Institutional Animal Care and Use Committee at the New York
University School of Medicine.

Mice and lithium treatment

C56BL/6J mice were kept under 12hrs light and 12hrs dark with food and water ad /ibitum.
Li* animals received standard chow containing 0.17% w/w lithium carbonate (Harlan
Teklad, Madison, WI) ad /ibitum for 7 days. Control animals were fed with standard chow.
To determine serum Li* levels, blood was collected after animals were fed with Li* chow for
7 days, and Li* levels were determined using the VITROS Li* Slides and the VITROS
Chemistry Products Calibrator Kit 1 (Ortho-Clinical Diagnostics, Inc. Rochester, NY) at
New York University Langone Medical Center Clinical Chemistry Laboratory. Animal
experiments were conducted in compliance with the Institutional Animal Care and Use
Committee at the New York University School of Medicine.

MycGIluA2 expressed Sindbis virus preparation and infection

MycGIuA2, which is the GIuA2 AMPAR subunit with an N-terminal myc epitope tag, was
expressed from Sindbis virus that was generated and used as described previously (Osten et
al, 2000).

PICK1 knockdown in rat hippocampal cell cultures

For PICK1 knockdown in rat hippocampal cultures, at 7-10 DIV, neurons were infected by a
lentivirus containing a vector plasmid (pTrip vector) with an inserted siRNA sequence
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(TGGATGTGAAGTTTGAGTA) that specifically silences PICK1 expression. As a control,
neurons were infected with a lentivirus containing the vector alone.

Pharmacological agents for immunocytochemical studies

In order to assess the effects of LiCl on surface GluA2, 2mM LiCl was added to growth
medium one hour after MycGIluA2 expressed sindbis virus infection. 2mM NaCl was used
as a control. Neurons were incubated in the presence of NaCl and LiCl for 16-18 hours
before performing live staining or preparing cell extracts.

Immunocytochemistry

Acquisition and analysis of images of immune fluorescent labeled neurons were performed
using a Nikon (Tokyo, Japan) PCM2000 confocal microscope and the Simple PCI imaging
software (C-Imaging Systems) as described previously (Osten ef a/, 2000). Live staining for
surface MycGIuA2 was carried out as described previously (Osten et a/, 2000). In brief, 16—
18 hrs after infection with sindbis virus expression of MycGIuA2 and treatment with NaCl
or LiCl, neurons were incubated with anti-Myc 9E10 monoclonal antibody (Santa Cruz,
4ug/ml) for 15 min at 37°C to label surface MycGIuAz2 receptors. After live staining,
neurons were fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.2%
Triton x solution in PBS for 5 min at room temp. Subsequently, the neurons were treated
with polyclonal primary goat anti-myc antibody (Bethyl laboratories, 1pg/ml) for 1 hour at
RT in order to label the total, intracellular receptor population. After washing with PBS,
neurons were incubated with secondary antibody (Carroll et a/, 1999; Lu and Ziff, 2005).
Neurons were selected for quantitation based on images in which the intracellular
fluorescent stain was selectively displayed, and the surface fluorescence was then displayed
and quantitated. Data acquisition was thresholded only to the extent required to eliminate
background signal not directly associated with cells. For a given experiment, the ratio of
surface intensity to cell area was determined for each scan and these values were averaged
for each group, and the experimental group average was normalized to the control group
average, the normalized experimental values for the different experiments were then
averaged.

Surface Biotinylation and protein sample preparation and immunoblots

Surface biotinylation, P2 membrane, and synaptosome preparation from cultured neurons
were performed according to a previous report (Restituito et a/, 2011). For cell fractionation,
cells were washed with PBS and collected in 1ml ice-cold solution A (0.32M sucrose, 1ImM
NaHCO3, ImM MgCly, 0.5mM CaCl,, 0.1mM PMSF and 1X protease inhibitor). Cells were
dounce homogenized 10 times and centrifuged at 3000 rpm for 10 min. The supernatant was
spun again at 14,000 rpm for 30 min to obtain the P2 membrane fraction. To prepare
synaptosomes, the P2 membrane pellet was resuspended in 0.5ml solution B (0.32M
sucrose, 1 mM NaHCO3). This homogenate was layered on top of a 2.5ml 1M sucrose, and
2.5ml 1.2M sucrose step sucrose gradient and centrifuged at 30,000rpm for 2 hrs. Purified
synaptosomes were collected at the 1M and 1.2M sucrose interface by syringe aspiration.
The synaptosomes were resuspended with 5 volumes of solution B and collected by
centrifugation at 42000 rpm for 40 min. The synaptosome pellet was resuspended in 2% Tris
buffer.
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Hippocampal PSD fraction preparation from brain was performed as previously described
(Kim et al, 2015). Equal amounts of protein were loaded on 10% SDS-PAGE gels and
transferred to nitrocellulose or PVDF membranes. Membranes were blotted with GIuAl
(Millipore, 1:5000), GluA2/3 (Millipore, 1:500), actin (Sigma, 1:5000), tubulin (Sigma,
1:5000), GRIP (Upstate, 1:1000), &-catenin (BD biosciences, 1:250), p-catenin (Sigma,
1:1000), GSK3p (Cell Signaling, 1:1000), pGSK3p (S9) (Cell Signaling, 1:1000), PICK1
(NeuroMab, 1:1000), PSD95 (NeuroMab, 1:2000) and myc antibody (Bethyl laboratories,
1:1000) antibodies and developed with ECL (Perkin Elmer).

Miniature EPSCs recording

Statistics

Results

Cultured hippocampal neurons were visualized with an Olympus BX50WI microscope. For
recording, neurons were transferred to a recording chamber at room temperature, superfused
at 1.2ml/min with bicarbonate-buffered aCSF, containing (in mM): 124 NaCl; 3.7 KCI; 26
NaHCO3; 2.4 CaCly; 1.3 MgSOy; 1.3 KH,PO4 and 10 glucose equilibrated with 95% 0,/5%
CO»,. Whole-cell recordings were performed from neuron cultures using the Axopatch 200B
(Molecular Devices, Sunnyvale, CA) and Digidata 1550B converter using Clampex 10.6
software. Neurons were held at -60mV and whole-cell currents were filtered at 5kHz,
digitized at 10kHz. Pipette resistance was 2.8—-6.4QM using the internal solutions contained
(in mM): K-gluconate 120; KCI 20; MgCl, 2; HEPES 10; EGTA 1; Nay-ATP 2; Nag-GTP
0.3mM; pH7.3 with KOH, 273mOsm/kg. The series resistances were compensated by 40%.
Recordings were discarded if the change of series resistances exceeded 20%. Electrodes
were prepared using horizontal micropipette puller (P-97, Sutter, Novato, CA) from glass
capillaries (Sutter). Miniature EPSCs were recorded in the presence of the 2uM tetrodotoxin
(TTX) and 100uM picrotoxin. Miniature events were visually inspected, individually
selected and analyzed in Clampfit 10.6 (Molecular Devices) using template matching and an
amplitude threshold of 5pA.

All statistical comparisons were performed with the GraphPad Prism6 software. Unpaired
two-tailed Student’s t-tests were used in single comparisons. For multiple comparisons, we
used one-way analysis of variance (ANOVA) followed by Fisher’s Least Significant
Difference (LSD) test to determine statistical significance. Results were represented as a
mean + s.e.m. and p value<0.05 was considered statistically significant.

Li* increases the surface expression of GIuA2 and its synaptic scaffolds in hippocampal

neurons

Because Li*, acting as a GSK3p inhibitor, can increase the stability of catenin proteins (Oh
et al, 2009), we hypothesized that Li* would be able to elevate synaptic GIUA2 as one aspect
of its pro-cognitive effects by stabilizing &-catenin, which is associated with GluA2 through
synaptic scaffolds (Silverman et a/, 2007). To analyze the effects of Li* on GSK3p and the
GIuA2 scaffolding complex, we first treated DIV 14-17 cultured hippocampal neurons with
2 mM LiCl or 2mM NaCl for 18hrs and prepared the membrane fraction (P2), in which the
synaptic scaffolding complex is enriched. Western blotting revealed that Li* treatment
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significantly increased phosphorylation at serine 9 of GSK3p (pGSK3p), an indication of
GSK3p inhibition (Bareiss et a/, 2010; Oh et a/, 2009) (Fig. 1b). Moreover, LiCl treatment
induced a significant increase in the levels of the scaffolding complex components, GIuA2/3,
GRIP, and &-catenin (Fig. 1b). We next purified synaptosomes to further analyze the effects
of LiCl on synaptic proteins. The levels of these same proteins in synaptosomes also
increased significantly in LiCl-treated hippocampal cultures compared with NaCl-treated
neurons (Fig. 1c), confirming that the elevation took place at synapses. Notably, GIuAl
levels were significantly increased in synaptosome with LiCl treatment (Fig. 1c), suggesting
that LiCl-induced increased AMPARs would be GIuA1/2 heteromers. Interestingly, the
levels of PSD95, a second synaptic scaffold unrelated to GRIP, were not increased in the P2
and synaptosomal fractions (Fig. 1b, c) indicating specific of action of Li*. We next
addressed whether Li* can elevate GIuA2 surface levels in cultured neurons. We expressed
the wild-type GIuA2 AMPAR subunit with an N-terminal Myc epitope tag (MycGIluA?2) via
sindbis virus in cultured hippocampal neurons. Unlike endogenous GIuA2, which is mainly
expressed in GluA1/2 heteromers (Wenthold ef af, 1996), virus-mediated GIUA2 expression
is predominately homomeric (Osten ef a/, 2000) and thus its trafficking properties can be
ascribed unambiguously to this subunit. We infected neurons with a sindbis virus expressing
MycGIuA2. After treatment with either NaCl or LiCl for 18 hrs, we used biotinylation to
determine surface MycGIuA2 expression (Fig. 1d). Consistent with the increase of the
GluA2-associated scaffolding protein, &-catenin and GRIP, in LiCl-treated neurons (Fig. 1b—
c), surface GIuA2 levels were significantly elevated compared with those in control neurons
(Fig. 1d). These results suggested that LiCl inhibited GSK3p, which is sufficient to elevate
synaptic &6-catenin and GRIP levels, enhancing a scaffold for GIuA2. This led to an increase
in synaptic GluA1/2 in LiCl-treated hippocampal neurons, suggesting a potential role of Li*
in the action of therapeutics.

Binding of GIuA2 to GRIP is required for synaptic GIuA2 elevation by Li*

Following our observation that Li* treatment elevated the GIuA2 scaffolding protein, GRIP,
we next asked if Li* elevation of GIuA2 depended on the interaction of GIuA2 with GRIP
(Dong et al, 1997). The GIuA2-GRIP interaction depends upon binding of the PDZ ligand
sequence of the GIuA2 C-terminal domain (SVKI), to PDZ 5 of ABP or GRIP (Srivastava et
al, 1998). This GluA2 PDZ ligand sequence also binds to the protein interacting with C-
kinase (PICK1) PDZ domain (Dev et a/, 1999). To deduce the role of GIUA2 interaction with
GRIP versus interaction with PICK1 in GIuA2 surface elevation by Li*, we first expressed
C-terminal domain mutants of GluA2 with altered PDZ binding abilities in hippocampal
neurons in culture (Fig. 2). These mutants were: a) MycGluA2-SVKE, which is unable to
bind to either GRIP or PICK1, and b) MycGIuA2-AVKI, unable to bind to GRIP but able to
bind to PICK1, and c) wild-type (WT) MycGluA2-SVKI, able to bind to both (Osten et a/,
2000). Our model suggests that Li* will not regulate surface levels of either mutant, since
neither mutant can associate with the GRIP scaffolds, which is required for maintaining the
receptor at the surface and is regulated by Li* stabilization of &-catenin. We stained living
neurons with anti-Myc antibodies and quantitated surface GIuA2 by immune fluorescence
and confocal microscopy. Unlike the neurons expressing the WT MycGIluA2-SVKI, for
which LiCl elevated surface levels (Fig. 2a), the surface expression of the SVKE mutant was
unaffected by LiCl versus NaCl treatments (Fig. 2b). Similar to the SVKE mutant, the AVKI
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mutant exhibited no significant difference between groups (Fig. 2c). Thus, for Li* to exert its
influence on surface levels of GIuA2, binding to the GRIP scaffold is required, while
binding to PICK1 is not sufficient.

Binding of PICK1 is not required for synaptic GIuA2 elevation by Li*

PICK1 is a second GluA2-interacting protein that contributes to synaptic plasticity by
promoting the trafficking of GluA2 (Chung et a/, 2000; Hanley, 2008; Perez et af, 2001;
Srivastava ef al, 1998; Terashima et al, 2008; Xia et a/, 1999). Although our findings using
mutant GluA2 suggest that PICK1 may not be required for a Li*-induced increase in GIuA2
surface expression (Fig. 2), we decided to investigate further a possible role for PICK1 in the
mechanism by which Li* regulates synapses. To directly address this question, we employed
PICK1 knockdown via shRNA. In a control for knockdown, we infected cultured
hippocampal neurons with a lentivirus expressing sShRNA that targets PICK1 mRNA for
degradation or with a control lentivirus not expressing ShRNA (vector). PICK shRNA was
sufficient to reduce PICK1 protein levels in infected neurons (Fig. 3a). To determine surface
GIuA2 levels, we first infected PICK1 shRNA to reduce PICK1 levels. We expressed WT
MycGIuA2 by sindbis virus infection 10-12 days after ShRNA silencing and treated with
either NaCl or LiCl as was done previously. We then assayed for surface MycGIuA2 by live
staining and quantitative immune cytochemistry. A significant increase in surface
MycGIuA2 was seen in the control neurons treated with LiCl relative to cells treated with
NaCl (Fig. 3b), consistent with the previous data (Fig. 1d and 2a). In PICK1 knockdown
neurons, LiCl also elevated MycGIuA2 surface levels relative to the NaCl controls (Fig. 3b).
This confirms that PICK1 is not required for the Li*-induced increase of surface MycGIuA2.

Collectively, these data suggest that: 1) Li* regulates the synaptic levels of GRIP through
control of the levels of 8-catenin, and, 2) the ability of GIUA2 interaction with GRIP to
stabilize MycGIuA2 on the plasma membrane (Osten et a/, 2000). It is also consistent with
the interaction with PICK1 promoting the trafficking of these receptors between different
membranes rather than stabilizing the receptor at the plasma membrane (Lu et al, 2005;
Perez et al, 2001).

Li* increases synaptic GIUA2 in vivo

Our studies with cultured neurons revealed that Li* is sufficient to increase surface GIuA2,
providing a potential mechanism for its pro-cognitive effects. As an additional test of
whether this mechanism is relevant to medical applications of Li*, such as treatment of BD
(Geddes et al, 2004), we tested the effects of Li* on synaptic GIuA2 expression /n vivo. To
determine if Li* increased endogenous GIUA2 in vivo, we fed mice Li* chow for one week.
Mice were the sacrificed for synaptic protein analysis. To determine serum Li* levels, blood
was collected at the time of sacrifice. The average Li* level in serum in Li* chow fed
animals (0.5mEq/l) was significantly higher than for standard chow fed animals (<0.2
mEq/L, p<0.05). Because Li* crosses the blood brain barrier (Forester et a/, 2009), this
protocol enabled us to assay its effects on synaptic proteins in Li* fed animals. We isolated
the PSD from the hippocampus of Li*-chow or normal chow fed animals and found through
Western blotting that GSK3p phosphorylation was significantly higher in Li*-chow fed
animals than control mice, indicating that GSK3p kinase activity was successfully inhibited
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(Fig. 4), as seen in cultured neurons (Fig. 2b—c). Furthermore, the levels of B and &-catenin,
which are substrates for GSK3p-mediated protein degradation, were significantly elevated
by Li* treatment (Fig. 4), consistent with findings in cultured neurons (Fig. 1b—c). Moreover,
the &-catenin-interacting synaptic scaffolding protein, GRIP, but not a second, structurally
unrelated scaffold, PSD95, was also increased, providing a basis for an elevation of synaptic
GIuAz2 in the hippocampus of Li* fed animals (Fig. 5), and recapitulating what was found in
cultured neurons (Fig. 1b—c). As seen in cultured neurons (Fig. 1c), synaptic GIuAl levels
were also significantly elevated in the hippocampus of Li*-chow fed animals (Fig. 4),
suggesting that increased AMPARs are GluA1/2 heteromers. Therefore, this suggests that
changes of synaptic scaffolding and AMPARs induced by Li* in cultured neurons also take
place /n vive.

Li* increases mEPSC amplitude but not frequency

To determine whether Li* treatment had functional consequences on AMPAR currents, we
compared mEPSCs in cultured hippocampal neurons, treated overnight with Li*, with
control cultures treated with Na™*. Li* treatment overnight increased mEPSC amplitude but
did not alter mEPSC frequency (Fig. 5). The increase in mEPSC amplitude is consistent
with the trafficking of new GIuA2 containing AMPARs to synapses, stabilized by elevated
levels of the scaffolding proteins, 8-catenin and GRIP following Li* treatment.

Discussion

We have investigated the effect of Li* on the trafficking of AMPAR subunit, GIuA2, and on
its scaffolding proteins in cultured hippocampal neurons and in mouse brain. In both
systems, Li* elevated GIUA2 synaptic levels relative to the control. Furthermore, the
elevation in cultured neurons depended on the ability of GIuUA2 to interact with the GRIP
scaffold, which is stabilized at synapses via interaction with &-catenin (Silverman et a/,
2007). Our work supports a model in which Li*, acting through its ability to inhibit GSK3,
stabilizes &-catenin, which interacts with the juxtamembrane region of the cadherin synaptic
cell adhesion molecules (Lu et a/, 1999; Oh et al, 2009; Paffenholz et a/, 1997).
Phosphorylation of &6-catenin by GSK3p increases the rate of 6-catenin proteolysis (Bareiss
et al, 2010; Oh et al, 2009). In our model, inhibition of GSK3p by Li* is able to increase &-
catenin at synapses, and &-catenin in turn binds to the scaffolding protein, GRIP, which
anchors GIuA2 at synapses. The model holds that by stabilizing synaptic 8-catenin, Li*
elevates the scaffolds and in turn, synaptic GIuA2 (Silverman et a/, 2007). The finding that a
chemical inhibitor of GSK3p elevated 6-catenin in heterologous cells (Oh et a/, 2009) is
consistent with 8-catenin being the relevant target of Li* in the current study. We cannot
exclude that other activities of Li* contribute to the synaptic increase of GIUA2. Li* also
increased the synaptic levels of GIuA1, both /in vitroand /n vivo. This suggests that GIuA1/2
heteromers are stabilized at the synapse by Li*. Li* did not alter the synaptic levels of
PSD95, a major scaffold that is structurally distinct from GRIP, indicating selectivity of
action of Li* on scaffold levels. Because ABP, a scaffold closely related to GRIP (Srivastava
et al, 1998) also binds &-catenin and GIuAz2, it may also be elevated by Li+ and contribute to
the increases in GIuA2 synaptic levels. Because the activity of PICK1, a protein that
functions in GIuAZ2 trafficking to and from the plasma membrane (Hanley, 2008), does not
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seem to play a large role in the mechanism of action of Li*, GIuA2 stabilization by Li* is not
mediated by PICK1-dependent trafficking.

Li* is a therapeutic agent that is also an inhibitor of GSK3p (O’Brien et a/, 2009). It has
been established that inhibition of GSK3 has numerous protective effects in neurons,
potentially providing a basis for the potent anti-manic activity of Li* (Jope, 1999).
Mutations in cellular inhibitors of GSK3p have been shown to promote Schizophrenia and
BD (Freyberg et a/, 2010). Other studies have indicated that Li* regulates GSK3p not only
by direct enzyme inhibition, but also blocking inhibitors of negative regulators of GSK3p to
achieve the same regulatory effect (Beaulieu, 2012). Although Li* interacts functionally
with many upstream targets of GSK3p, the majority of the synaptic changes and neuronal
regulation induced by Li* is thought to occur downstream of GSK3. For example, Li* has
been shown to increase the levels of B-catenin, a cell adhesion molecule important for
cellular signaling (O’Brien et a/, 2004). Indeed, studies of transgenic animal models suggest
that increase in B-catenin is responsible for the behavioral mood-stabilizing effects of Li*
(Gould et al, 2007). The present study reinforces the importance of the role of downstream
targets of GSK3p, specifically the synaptic proteins, 8-catenin and its associated scaffold
proteins. Disruption of the interaction between these proteins has been shown to decrease the
neuron’s ability to maintain AMPAR GIuA2 at the surface (Restituito ef a/, 2011; Silverman
et al, 2007). With Li* inhibition of GSK3, there is a potential for modifying synapse
function by increasing &-catenin plus the associated GRIP scaffold, which then can be
utilized to increase GIuA2 expression at the cellular surface in culture and /in vivo.

Measurement of mMEPSCs showed that Li* treatment increases mEPSC amplitude, consistent
with the delivery of new AMPA receptors to the synapse following Li* treatment. mEPSC
frequency, however, did not change, which rules out the possibility of presynaptic effects on
AMPAR currents. A study employing GSK3p conditional knockout mice found that cell
autonomous loss of GSK3p reduced hippocampal neuron spine density and mEPSC
amplitude and frequency (Ochs et a/, 2015). This result emphasizes the role of GSK3p in
controlling spines and synapses. The different outcome for mEPSCs seen with GSK3p
inhibition by Li* in the current study may reflect the greater length of time of GSK3p
inhibition in the knockout protocol or action by Li* on other targets.

PICK1 is one of the primary proteins responsible for the trafficking of GIuA2-containing
AMPARSs to and from the cellular surface and as such, it plays a crucial role in synaptic
plasticity (Hanley, 2008). No clear relationship has been described between PICK1 and Li*,
although much is known about Li* on one hand and on the other about proteins that interact
with PICKZ, such as PKC (Chen et a/, 2000). Our study showed that PICK1 did not play a
major role in the mechanism by which Li* regulated synaptic expression of GIuA2. This
would be consistent with the function of PICK1 in dissociating GluA2 from GRIP
complexes and promoting surface receptor endocytosis rather than stabilization (Lu et a/,
2005).

These studies raise the possibility that regulation of &-catenin levels plays a significant role
in brain function and is a therapeutic target. This possibility is supported by the role of &-
catenin mutation and knockout in Cri-du chat syndrome, synaptic regulation and behavior,
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and autism (lIsraely et a/, 2004; Restituito ef a/, 2011; Silverman et a/, 2007; Turner et al,
2015; Yuan et al, 2015).
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Figure 1. Li* increases synaptic GIuA2 and its associated scaffolding protein in cultured
hippocampal neurons

a) Model for the regulation of synaptic GIuA2 by Li*. The GIuA2 AMPA receptor subunit is
anchored at the synaptic membrane by an interaction of its C-terminus with the fifth PDZ

domain of the scaffolding protein, GRIP, and the related ABP protein. The second PDZ
domain of GRIP associates with the C-terminus of &-catenin. &-catenin binds to the
juxtamembrane region of cadherin, which is a synaptic cell adhesion protein.

Phosphorylation of &-catenin by GSK3 leads to the degradation of &-catenin, which disrupts

the &-catenin-GRIP scaffold at the synapse and lowers synaptic levels of GIuA2. Inhibition

of GSK3 by Li* stabilizes 6-catenin, which elevates GRIP and GIuA2 at the synapse. See

Silverman et al., (2007) and the text for details. Representative immunoblots and quantitative
analysis of b) P2 membrane fraction and c) synaptosome fraction from cultured
hippocampal neurons treated with NaCl (control) or LiCl showing that LiCl treatment

increased GluA2/3, GRIP, and &-catenin levels (n=5 and 10 experiments in b) and c),

respectively, *p<0.05 and ““p<0.01, unpaired two-tailed Student’s t tests). GSK3p inhibition
by LiCl was identified by an increase in its phosphorylation. d) Representative immunoblots
of surface biotinylation and a summary graph for cultured hippocampal neurons treated with

NaCl or LiCl showing that LiCl treatment increased surface GluA2/3 levels (n=4
experiments, *p<0.05, unpaired two-tailed Student’s t tests).
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Figure 2. GRIP is required for a Li* treatment-induced increase in surface GIuA2
Schematic diagrams show the binding properties of MycGIuA2 and its mutants (Greger et al,

2002) a) GluA2-SVKI (WT) binds to PICK1 and GRIP; b) GIuA2-SVKE is unable to bind
to either PICK1 or GRIP, and c¢) GluA2-AVKI is able to bind to PICK1 but not GRIP. Also
given are representative confocal images of cultured hippocampal neurons expressing the
various mutants of MycGIuA2 from Sindbis virus vectors and treated with NaCl or LiCl
showing surface GIuA2 (green) and total GIuA2 (red). Scale bar indicates 10um. Higher
magnification images of highlighted dendrites are shown below. Summary graphs show that:
a) LiCl treatment was able to increase surface GIuA2-SVKI (WT) levels in cultured
hippocampal neurons (n=12 neurons, *p<0.05, unpaired two-tailed Student’s t tests), but b—
c) LiCl treatment was unable to alter surface levels of mutant GIuA2 (n=30 neurons in b)
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and 50 neurons in c¢)), suggesting that the ability of MycGIuA2 to bind to GRIP is required
for a Li* treatment-induced increase in surface GIuA2 in cultured hippocampal neurons.
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Figure 3. PICK1 is not necessary for a Li* treatment-induced increase in surface GluA2
a) Representative immunoblots of cell extracts from PICK1 knockdown (KD) cultured

hippocampal neurons showing that PICK1 shRNA significantly reduced PICK1 protein
levels in these neurons. b) Representative confocal images of hippocampal neurons treated
with NaCl or LiCl in the presence of absence of PICK1 shRNA showing surface GIuA2
(green) and total GIUA2 (red). Scale bar indicates 10pm. Higher magnification images of
highlighted dendrites are shown below. Summary graphs show that reduction of PICK1
levels had no effect of LiCl treatment on surface GIUA2 levels (n=4 neurons in each
condition, *p<0.05 and ***p<0.001, one-way ANOVA with Fisher’s LSD test).
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Figure 4. Li* increases synaptic GIuA2 and its associated scaffolding protein in vivo
a) Representative immunoblots and b) quantitative analysis of hippocampal PSD from mice

fed with normal mouse chow and Li* chow for 7 days showing that Li* increased GIuA2/3,
GRIP, and &-catenin levels (n=8 animals, *p<0.05, unpaired two-tailed Student’s t tests). /n
vivo GSK3B inhibition by Li* was confirmed by an increase in its phosphorylation and
increased P -catenin levels.

Normalized intensity (a.u.)
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Fig. 5. Li* increased the peak amplitude but not the frequency of miniature ESPCs of
hippocampal neurons in culture

a) Representative mEPSC traces from cultured hippocampal neurons treated overnight with
NaCl (control) or LiCl. Graphs are shown of: b) the peak amplitude and c) frequency of
MEPSCs. (n= 13 and 18 cells with Na* and Li* treatment from 3 different cultures,
respectively, *p<0.05)
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