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Abstract

Deregulation of GSK-3f is strongly implicated in a variety of serious brain conditions,
such as Alzheimer disease, bipolar disorder and schizophrenia. To understand how
GSK-3p becomes dysregulated in these conditions, it is important to understand its
physiological functions in the central nervous system. In this context, GSK-3f plays
a role in the induction of NMDA receptor-dependent long-term depression (LTD) and
several substrates for GSK-3p have been identified in this form of synaptic plastic-
ity, including KLC-2, PSD-95 and tau. Stabilization of NMDA receptors at synapses
has also been shown to involve GSK-3f, but the substrates involved are currently un-
known. Recent work has identified phosphatidylinositol 4 kinase type Ila (PI4KIIox)
as a neuronal GSK-3f substrate that can potentially regulate the surface expression of
AMPA receptors. In the present study, we investigated the synaptic role of PI4KIlx in
organotypic rat hippocampal slices. We found that knockdown of PI4KIla has no effect
on synaptic AMPA receptor-mediated synaptic transmission but substantially reduces
NMDA receptor-mediated synaptic transmission. Furthermore, the ability of the selec-
tive GSK-3 inhibitor, CT99021, to reduce the amplitude of NMDA receptor-mediated
currents was occluded in sShRNA-PI4KIlx transfected neurons. The effects of knocking
down PI4KIla were fully rescued by a shRNA-resistant wild-type construct, but not by
a mutant construct that cannot be phosphorylated by GSK-3f. These data suggest that
GSK-3p phosphorylates PI4KIlw to stabilize NMDA receptors at the synapse.
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1 INTRODUCTION

Glycogen synthase kinase 3 (GSK-3) is a monomeric, highly
conserved, multifunctional Ser/Thr kinase that was discov-
ered for its role in glycogen metabolism (Embi, Rylatt, &
Cohen, 1980). The two paralogous proteins GSK-3a and
GSK-3p are ubiquitously expressed, and many studies have
shown that GSK-3p, in particular, is involved in a plethora
of neuronal processes and disorders (Bradley et al., 2012;
Kaidanovich-Beilin & Woodgett, 2011). One of the key
features of GSK-3p is that it is constitutively active (Hur &
Zhou, 2010), and most upstream regulators act negatively to
reduce GSK-3p enzymatic activity via an increase of phos-
phorylation at its Ser9 residue.

Previously we found that the activation of GSK-3f is in-
volved in NMDA receptor-dependent long-term depression
(LTD) (Peineau et al., 2007), a form of synaptic plasticity
that involves the endocytosis of AMPA receptors and is in-
volved in developmental plasticity and learning and memory
(Collingridge, Peineau, Howland, & Wang, 2010). Subsequent
work has identified some of the GSK-3f substrates involved
in linking NMDA receptor activation to AMPA receptor
endocytosis during LTD; these include kinesis light chain
2 (KLC2) (Du et al., 2010), PSD-95 (Nelson, Kim, Hsin,
Chen, & Sheng, et al., 2013) and tau (Kimura et al., 2014).
The regulation of AMPA receptor endocytosis may involve
the guanyl nucleotide dissociation inhibitor (GDI):Rab5
complex, whereby activation of GSK-3p releases Rab5 from
GDI such that Rab5 recruits AMPA receptors into early en-
dosomes (Wei et al.,2010). In addition to regulating down-
stream effectors of the LTD induction process, GSK-3p has
also been shown to regulate NMDA receptor function (Chen,
Gu, Liu, & Yan, 2007). This process involves regulation of
the GDI:Rab5 complex, as well as dynamin and disruption of
the binding of NMDA receptors to PSD-95.

Phosphatidylinositol 4 kinase type II o (PI4KIlIx) is highly
expressed in the brain where it serves as the major kinase
responsible for the formation of phosphatidylinositol-4-phos-
phate (PIP4), a molecule that is involved in many signalling
processes. In addition, PI4KIla phosphorylates a variety of
substrates to regulate cellular processes, including mem-
brane trafficking, vesicle trafficking and ion channel function
(Minogue, 2018). PI4KIlx is associated, via palmitoylation,
with membranes of mainly the trans-Golgi network and en-
dosomes. In particular, it functions in endosomal sorting pro-
cesses to direct cargo for lysosomal degradation or recycling
to the plasma membrane. Interestingly, PI4KIlo was iden-
tified as a neuronal GSK-3f effector regulating the surface
expression of AMPA receptors (Robinson et al., 2014) and
endosomal trafficking of AMPA receptors during the recon-
solidation of fear memory (Guo et al., 2020). In the present
study, therefore, we investigated whether PI4KIla regulates
synaptic AMPA receptors.

We further investigated the possible regulation of syn-
aptic NMDA receptors, and the other major ionotropic sub-
type expressed at most glutamatergic synapses (Collingridge
& Lester, 1989). Hippocampal NMDA receptors are im-
portant for both synaptic transmission (Herron, Lester,
Coan, & Collingridge, et al., 1986) and synaptic plasticity
(Collingridge, Kehl, & McLennan, et al., 1983) and are crit-
ically involved in learning and memory (Morris, Hagan, &
Rawlins, etal., 1986). Their dysregulation has been implicated
in numerous brain disorders, including neurodegenerative
conditions, such as Alzheimer's disease (Snyder et al., 2005),
psychiatric conditions, such as schizophrenia (Hahn
et al., 2006; Mohn, Gainetdinov, Caron, & Koller, 1999) and
neurodevelopment conditions, such as autism (Hu, Chen,
Myers, Yuan, & Traynelis, 2016). Indeed, NMDA receptors
are the likely therapeutic targets of memantine and ketamine
in Alzheimer's disease and depression, respectively (Gerhard
et al., 2020; Parsons, Stoffler, & Danysz, 2007; Yang, Ju,
Zhang, & Sun, 2018). Investigating how NMDA receptors
are regulated at synapses provides critical foundations in our
understanding of their roles in health and disease.

We used shRNA to knockdown PI4KIla in hippocam-
pal organotypic slices and studied synaptic transmission
and LTD at the Schaffer collateral-commissural pathway.
Surprisingly, knockdown of PI4KIlx had no effect on AMPA
receptor-mediated synaptic transmission but substantially
reduced NMDA receptor-mediated synaptic transmission.
Pharmacological inhibition of GSK-3f similarly reduced
NMDA receptor-mediated synaptic transmission, an effect
that was precluded by prior knockdown of PI4KIla. The ef-
fects of PI4KIla knockdown on NMDA receptor-mediated
synaptic transmission were fully rescued by expression of
wild-type PI4KIla but not by a mutated form of PI4KIl« that
is unable to be phosphorylated by GSK-3. These results sug-
gest that GSK-3f phosphorylates PI4KIlx to stabilize NMDA
receptors at synapses.

2 | MATERIALS AND METHODS

2.1 | Organotypic hippocampal slices

All procedures involving animals were conducted in accord-
ance with the Animal Scientific Procedures Act 1986, UK,
and with approval of the University of Bristol. Transverse
hippocampal slices from P8 Wistar rats were prepared as de-
scribed previously (Rocca et al., 2013). Slices were cut in
ice-cold aCSF (in mM: 238 sucrose, 2.5 KCI, 26 NaHCO;,
1 NaH,PO,, 1 CaCl,, 9 MgS0O,, 10 glucose) saturated with
95% O,/ 5% CO, then placed on Millicell culture plate in-
serts (Merck Millipore) and maintained at 35°C, 5% CO, in
MEM-based culture media containing 20% horse serum and
(in mM): 30 HEPES, 16.25 glucose, 5 NaHCO;, 1 CaCl,,
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2 MgSO,, 0.68 ascorbic acid and 1pg/ml insulin, pH 7.28,
320 mOsm.

2.2 | Biolistic transfection

Organotypic slices were biolistically transfected at 3-5 days
in vitro (DIV) using a Helios GeneGun (Bio-Rad), and bul-
lets were prepared using PI4KIIox shRNA alone or in com-
bination with either wild-type or S9/51A shRNA-resistant
PI4KIIa. GFP was used as a transfection marker.

2.3 | Electrophysiology

Whole-cell voltage-clamp recordings were made from
CAl pyramidal cells at 6-11 DIV, blind with respect to
the transfected plasmid. Patch pipettes contained intracel-
lular solution (in mM): 8 NaCl, 130 Cs-methanesulfonate,
10 HEPES, 0.5 EGTA, 4 MgATP, 0.3 Na;GTP, 5 QX-314,
pH 7.25, 290 mOsm. Picrotoxin (50 uM) and 2-chloroaden-
osine (1 M) were routinely included in the bath solution,
which comprised (in mM): 124 NaCl, 3 KCl, 26 NaHCO;,
1.4 NaH,PO,, 4 CaCl,, 4 MgSO,, 10 glucose; saturated with
95% O,/ 5% CO,). In order to isolate NMDA receptor-me-
diated EPSCs (EPSC-N), 3 pM NBQX was added and neu-
rons depolarized to —40 mV. In some cases, D-AP5 (50 pM)
was added at the end of the experiment to confirm synaptic
responses were NMDA receptor-mediated. Two stimulating
electrodes (test and control input) were placed in the Schaffer
collateral-commissural pathway and stimulated at 0.05 Hz
to record AMPA receptor-mediated EPSCs (EPSC-A) and at
0.03 Hz for EPSC-N. Long-term depression (LTD) was in-
duced using a pairing protocol: 1Hz for 6 min, Vh = —40mV.
Data were acquired and analysed with WinL'TP (Anderson &
Collingridge, 2007). Statistical analysis was performed using
paired or unpaired Student's 7 test or one-way ANOVA as ap-
propriate, and significance was set at p < 0.005.

3 | RESULTS
3.1 | PI4KIIx knockdown reduces NMDA
receptor-mediated synaptic transmission

To determine whether PI4KIla regulates the synaptic expres-
sion of either AMPA or NMDA receptors, we utilized three
previously validated plasmids (Robinson et al., 2014). These
were an ShRNA probe to reduce the expression of PI4KIla
and two shRNA-resistant constructs for rescue experiments,
a wild-type (WT) and a mutant PI4KIIa (S9/51A) that cannot
be phosphorylated by GSK-3f8. CA1 pyramidal neurons were
biolistically transfected with these constructs (plus GFP), and
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dual whole-cell patch-clamp electrophysiological recordings
obtained in response to stimulation of the Schaffer collateral—
commissural pathway.

Knockdown of PI4KIla had no effect on AMPA recep-
tor-mediated excitatory postsynaptic currents (EPSC-A) as
ascertained by comparing the amplitude of the evoked syn-
aptic response in a transfected neuron (91 + 10 pA) and a
nearby non-transfected neuron (97 + 11 pA), at a holding
potential of =70 mV (105 + 8% change; n = 31 neuronal
pairs; Figure 1a,f). In contrast, in the same neurons recorded
at + 40 mV, knockdown of PI4KIla led to a significant re-
duction in the EPSC (74 + 16 pA) compared to non-trans-
fected (104 + 16 pA) recorded at a latency of 60 ms, at a
time when the response is dominated by an NMDA recep-
tor-mediated component (EPSC-N, 64 + 7% change, n = 14,
Figure 1b,f). To obtain a more accurate estimate of the re-
duction in EPSC-N, we pharmacologically isolated the pure
NMDA receptor-mediated synaptic current by blocking the
AMPA receptor-mediated component with NBQX (3 p M).
We made recordings at —40 mV and observed a substantial
50 + 4% reduction in the amplitude of EPSC-N in transfected
(41 + 4 pA) compared to non-transfected (88 + 8 pA) pairs of
neurons (n = 30; Figure 1c,f). The effect of the sShRNA con-
struct could be ascribed to knockdown of PI4KIla as there
was full rescue in neurons in which an shRNA-resistant wild-
type PI4KIla was co-transfected with the shRNA-PI4KIlx
(99 + 16 pA) relative to non-transfected (104 + 15 pA) neu-
rons (95 + 7% change, n = 10; Figure 1d,f). In contrast, a
mutated shRNA-resistant PI4KIla that could not be phos-
phorylated by GSK-3f (S9/51A) was not able to rescue the
reduction in EPSC-N (57 + 7 pA) relative to non-transfected
(104 = 13 pA) neurons (61 + 8% change, n = 15; Figure le,f).

3.2 | PI4KIlx differentially regulates
NMDA receptor subtypes

Synaptic NMDA receptors are heteromeric complexes that
typically comprise two GluN1 and two GluN2 subunits. The
type of GluN2 subunit(s) can determine the trafficking as
well as the functional properties of the NMDA receptors. We,
therefore, sought to identify the subunit composition of the
NMDA receptors that mediate synaptic transmission in or-
ganotypic hippocampal slices. We used three antagonists that
we have extensively characterized using both recombinant
NMDA receptors expressed in HEK cells and native synap-
tic NMDA receptors in acutely prepared hippocampal slices
from adult rat brain (Volianskis et al., 2013) but not hitherto
in organotypic slices. The effects of these three NMDAR an-
tagonists on non-transfected neurons in our organotypic slice
preparation are illustrated in Figure 2. NVP-AAMO077 (30 nM
and 0.1 uM), which is a GluN2A and GIuN2D preferring an-
tagonist, substantially inhibited EPSC-N to 56 + 7% at 30 nM
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FIGURE 1 PI4KlIla knockdown reduces NMDA receptor-mediated synaptic transmission. In graphs (a-e), EPSCs were recorded in

transfected cells and nearby non-transfected cells, amplitudes were plotted for each pair (black circles), and red circle represents mean + sem.

Insets show representative traces (left: transfected; right: non-transfected cell). (a) EPSC-As were recorded in transfected cells (shRNA PI4KIlo)

and nearby non-transfected cells (n = 31). (b) EPSC-Ns were measured 60 ms post-stimulation at + 40 mV (n = 14). (c) In a different set of cells,

peak amplitudes in the presence of 3 pM NBQX (at —40 mV) were plotted for each pair (n = 30). (d) Pharmacologically isolated EPSC-Ns were
measured in cells transfected with shRNA and WT PI4KIla and nearby non-transfected cells (n = 10). (e) Pharmacologically isolated EPSC-Ns
were measured in cells transfected with shRNA and S9/51A PI4KIla and nearby non-transfected cells (n = 15). (f) Summary showing the mean

and data points of the ratio of the current amplitude in transfected over paired non-transfected cell for each condition, * indicates the presence of a

statistically significant difference between transfected and non-transfected cells within a group (labelled after the panels in this figure) following a

paired Student's 7 test

(n = 10; Figure 2a) and 17 + 3% at 0.1 uM (n = 7; Figure 2¢)
of baseline. UBP145, which at the concentration used (1 pM)
is a selective GIuN2D antagonist, also reduced EPSC-N to
68 + 9% of baseline (n = 4; Figure 2b). Ro25-6981 (1 pM),
which is selective for GluN2B receptors, depressed EPSC-N
to 20 + 1% (n = 10; Figure 2d). These results suggest that

GIluN2B is a predominant subunit and that GIuN2D is also
expressed at synapses at this developmental stage.

We compared the ability of two of these antagonists,
NVP-AAMO77 (0.1 pM) and Ro25-6981 (1 pM), to inhibit
synaptic transmission in shRNA-PI4KIla transfected and
non-transfected neurons. NVP-AAMO077 was less effective
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in these PI4KIla knockdown neurons (38 + 4% transfected,
n = 4 versus 17 + 3%; non-transfected; Figure 2¢), whereas
R025-6981 was equally effective in both cases (19 + 2% trans-
fected, n =5 versus 20 + 1% non-transfected; Figure 2d). The
finding that NVP sensitivity is altered following knockdown
of PI4KIlx suggests that it is exerting its effect in an NMDA
receptor subunit-dependent manner.

3.3 | PI4KIla is the GSK-3p downstream
effector, which alters EPSC-N

Previous studies have shown that inhibition of GSK-3f
results in the internalization of NMDA receptors (Chen
et al., 2007). Our observation that knockdown of PI4KIlx de-
presses EPSC-N suggests that PI4KIlo may be a downstream
effector of GSK-3f in the regulation of synaptic NMDA
receptors. To test this directly, we inhibited GSK-3f using
CT99021, its most selective inhibitor (Bain et al., 2007), in
control and transfected neurons. CT99021 (1pM) reduced
EPSC-N in control neurons to 57 + 4% (n = 17) of baseline
responses but had no effect on neurons transfected by the
shRNA-PI4KIla construct (94 + 4%, n = 11; Figure 3a,c).
The ability of CT99021 to reduce EPSC-N was rescued in
neurons transfected with the wild-type PI4KIla construct
(64 + 4%, n = 8), but not with the S9/51A mutant construct

(94 + 5%, n = 7; Figure 3b,c). Together, these data suggest
that GSK-3p phosphorylates PI4KIla to stabilize synaptic
NMDA receptors.

34 | PI4KIla is not required for NMDA
receptor-dependent LTD

Our observations show that knockdown of PI4KIla ex-
pression results in a ~ 50% reduction in the synaptic ex-
pression of NMDA receptors. As NMDA receptors are
required for the induction of LTD at these synapses, we
wondered whether loss of PI4KIla would impair this pro-
cess or whether the residual synaptic NMDA receptors
could support LTD. To test this possibility, we performed
a two pathways experiment, where we used a pairing pro-
tocol to induce LTD in the test pathway whilst leaving
the control pathway unperturbed (Rocca et al., 2013). We
observed similar levels of LTD of EPSC-A in transfected
neurons (54 + 4% of baseline, n = 8; Figure 4a) and non-
transfected neurons (52 + 7%, n = 7; Figure 4b). We also
observed a robust LTD of EPSC-N in transfected neurons
(61 £ 4%, n = 4; Figure 4c). The induction of LTD of
EPSC-A in transfected neurons was inhibited by D-APS5
(data not shown) demonstrating the NMDA receptor de-
pendence of this LTD. Therefore, the residual synaptic
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NMDA receptors are sufficient to enable NMDA receptor-
mediated synaptic plasticity.

4 | DISCUSSION

In the present study, we have provided evidence that PI4KIla
is required to sustain the full synaptic complement of NMDA
receptors. In neurons in which PI4KIla had been knocked-
down, we found that inhibition of GSK-3f no longer af-
fected NMDA receptor-mediated synaptic transmission.
Furthermore, we found that this effect was fully rescued by
wild-type PI4KIla, but not by a mutant form of PI4KIlx that
could not be phosphorylated by GSK-3p. The most straight-
forward explanation for these results is that GSK-3f phos-
phorylates PI4KIlo to maintain a full synaptic complement
of NMDA receptors.

4.1 | PI4KIIx and the regulation of
AMPA receptors

We were surprised that knockdown of PI4KIla had no effect
on AMPA receptor-mediated synaptic transmission given
previous work, using the same constructs, had found a mod-
est increase in cell surface AMPARS in cultured hippocampal
neurons (Robinson et al., 2014).
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We can envisage at least two possible explanations for
this difference. First, it is possible that we had not knocked
down PI4KIla sufficiently to affect AMPA receptor traffick-
ing despite using the same expression constructs as Robinson
et al. (2014). The finding that we observe a profound alter-
ation in synaptic NMDARs argues against this possibility.
The second possibility is that we studied specifically synaptic
AMPA receptors whereas the previous study measured the
total complement of cell surface GluA1, which labels both
synaptic and extra synaptic AMPA receptors (Richmond
et al., 1996). Indeed, GluA1l homomers are preferentially
located at extrasynaptic sites and are only driven into these
synapses transiently during certain forms of synaptic plas-
ticity (Park et al., 2016). We wondered, therefore, whether
an excess of surface GluAl might result in the appearance
of GluA2-lacking, calcium-permeable (CP) AMPARs at syn-
apses transfected by the shRNA construct. However, there
was no difference in the rectification curves of EPSC-A in
transfected and non-transfected neurons (unpublished ob-
servations). We consider that the most likely explanation for
our observations is that PI4KIla regulates the extrasynaptic
pool of GluA1-containing, GluA2-lacking CP-AMPARSs but
this does not influence the synaptic pool of AMPARSs under
basal conditions (Figure 5). During the induction of LTP,
the activity of GSK-3f is inhibited (Peineau et al., 2007).
Speculatively, this could reduce the PI4KIla-mediated traf-
ficking of CP-AMPARs towards lysosomes and enable the
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The regulation of glutamate receptor trafficking by PI4KIlo during NMDAR-mediated synaptic plasticity. LTD: (blue arrows).

GSK-3p is activated, and this phosphorylates a number of targets, including tau, KLC2 and PSD95, that result in the endocytosis of GluA2-
containing (i.e. calcium impermeable) AMPARES, via a process that is independent of PI4KIlo. Additionally, PI4KIla is phosphorylated by GSK-3

and this stabilizes a constitutive pool of NMDARSs at the synapse. It also drives internalization of GluA2-lacking (i.e. calcium permeable) AMPARs

from extrasynaptic sites, via an AP3-dependent process, where they are targeted towards lysosomes along with PI4KIla itself. LTP: (red arrows).
GSK-3p is inhibited via Akt, and this leads to reduced activity of PI4KIlo. Accordingly, the internalization of CP-AMPARs is inhibited leading to

their accumulation at extrasynaptic sites
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accumulation of newly synthesized CP-AMPARs at extra-
synaptic sites where they would be primed ready for their
involvement in LTP (Figure 5).

4.2 | PI4KIlx and the regulation of
NMDA receptors

Previous work had shown that inhibition of GSK-3f leads
to a reduction in the cell surface of NMDA receptors, in-
cluding NMDA receptor-mediated synaptic currents (Chen
et al., 2007). Our work confirms, using a more specific
GSK-3f inhibitor, CT99021, this effect. The finding that
knockdown of PI4KIla occludes the effect of CT99021 sug-
gests that GSK-3f is operating via this lipid kinase to me-
diate this action. Furthermore, the finding that the effect of
the knockdown of PI4KIIa on ECPC-N is fully rescued by a
wild-type PI4KIla, but not by a mutant PI4KIla construct, in
which the priming sites (Ser9 and Ser51) for GSK-3 were
mutated to alanine, strongly implicates GSK-3p in the consti-
tutive activation of PI4KIla, which in turn regulates synaptic
NMDA receptors (Figure 5).

In terms of the underlying mechanism, there is evidence
that constitutive GSK-3 activity maintains NMDA recep-
tors on the neuronal plasma membrane by inhibiting their
internalization. This clathrin and dynamin-dependent inter-
nalization process involves a Rab5-directed transport of en-
docytic vesicles to early endosomes (Chen et al., 2007). It
seems likely that PI4KIl« is part of the machinery that links
GSK-3p activity to this intracellular pathway for NMDA re-
ceptor removal and degradation.

A major role of PI4KIlx is to bind to AP-3 on endo-
somes and catalyse the local formation of PtdIns(4)P,
which then recruits additional PI4KIla and other proteins
involved in the formation and targeting of AP-3 vesicles
to lysosomes (Craige, Salazar, & Faundez, 2008). These
AP3-dependent endosomes mediate the movement of mul-
tiple membrane proteins to lysosomes for their degradation
(Craige et al., 2008; Minogue, 2018; Salazar et al., 2005).
However, as we found that knockdown of PI4KIla led to
a reduction in synaptic NMDA receptors, not an increase,
we can conclude their constitutive subunits are not cargoes
for AP3-dependent endosomes. In this context, there are a
multitude of different cargo adaptor proteins, which permit
highly regulated recycling of endocytosed cargoes (Cullen
& Steinberg, 2018). Additionally, it is well established
that different NMDAR subunits are sorted and processed
by various intracellular endocytic pathways (Lavezzari,
McCallum, Dewey, & Roche, 2004). We can conclude that
whilst the classical role of PI4KIla in driving endocytic
sorting towards lysosomes applies to GluA1l subunits, it
does not apply directly to the NMDA receptor subunits that
we have investigated here.

A more plausible scenario is that PI4KIla drives the
AP3-mediated trafficking of proteins, such as dysbindin or
the chloride channel CLC-3 (Farmer, Le, & Nelson, 2013),
that limit the functional expression of NMDA receptors
(Jeans, Malins, Padamsey, Reinhart, & Emptage, 2011;
Tang et al., 2009). For example, dysbindin is thought to
be involved in trafficking in the lysosomal pathway and its
knockout leads to the accumulation of GIuN2A subunits and
potentiation of NMDA receptor-mediated synaptic transmis-
sion (Tang et al., 2009). There is also good evidence that
PI4KIla has a role in driving traffic towards the plasma
membrane (Minogue, 2018). How precisely PI4KIla acts to
maintain the full complement of NMDA receptors at synap-
tic sites remains to be determined.

4.3 | PI4KIIax and NMDA receptor subtypes
Our finding that, in organotypic slices, EPSC-N is sensitive
to low concentrations of Ro25-6981 and UBP145 implies a
contribution of GluN2B and 2D containing NMDA recep-
tors, respectively, to the synaptic response. The sensitivity to
NVP-AAMO77 could be explained by an effect on GluN2A
and/or GIuN2D NMDA receptors at 30 nM with, potentially,
some effect on GIuN2B at 0.1 p M. This pharmacological
profile is very different from what is observed in adult hip-
pocampal slices, where the predominant NMDA recep-
tor subtype is a GluN2A/GIuN2B triheteromer (Volianskis
etal., 2013).

The differential effect of NVP in transfected and non-trans-
fected neurons might be explained by PI4KIla preferentially
stabilizing GluN2A-containing NMDA receptors, such that its
knockdown leads to the reduced sensitivity to NVP-AAMO077
(acting on GluN2A). However, the lack of change in sensitiv-
ity to Ro25-6981 argues against such an action. A more likely
possibility is that the synaptic response in these organotypic
slices is mainly comprised GluN2B/D triheteromers and
GluN2B/B diheteromers. If PI4KIla preferentially stabilizes
GluN2B/2D triheteromers, then its knockdown would lead
to a greater proportional content of GluN2B diheteromers
reducing sensitivity to NVP-AAMO077 (acting on GluN2D),
which is what we observed. The lack of change in sensitivity
to R025-6981 is consistent with this model assuming simi-
lar sensitivity of GluN2B/2D triheteromers and GluN2B/2B
diheteromers, to this class of compound (Yi, Bhattacharya,
Thompson, Traynelis, & Hansen, 2019).

The observation that NVP-AAMO077 was less potent on
NMDA receptor-mediated synaptic transmission in slices
where PI4KIIa had been knocked down argues for two pools
of NMDA receptors at these synapses with differential re-
quirements for PI4KIIa. Had the partial inhibition of synaptic
transmission been due to a single population of NMDA recep-
tors and insufficient knockdown of PI4KlIl«; then, we would
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not have expected any alteration in sensitivity to any NMDA
receptor antagonist. Rather, our observations favour two
pools of synaptic NMDA receptors that are differentially reg-
ulated by PI4KIla. By analogy, synaptic AMPA receptors are
also composed of two pools; there is a constitutive recycling
pool that is stabilized by an interaction between NSF and the
GluA2 subunit and a stable pool that is not regulated in this
manner (Nishimune et al., 1998). Further work is required to
understand the significance and underlying mechanisms that
regulate the PI4KIla-dependent and PI4KIla-independent
synaptic pools of NMDA receptors.

4.4 | PI4KIIx and the regulation of LTD

An interesting observation was that despite a substantial
reduction in the synaptic expression of NMDA receptors,
by ~ 50%, NMDA receptor-mediated LTD was unaffected
by PI4KIla knockdown. First, this shows that PI4KIIo is un-
likely to be part of the LTD machinery that links GSK-3f
to AMPA receptor internalization and, hence, distinguishes
it from other GSK-3p substrates that have been directly
implicated in this process, such as KLC2 (Du et al., 2010),
PSD-95 (Nelson et al., 2013) and tau (Kimura et al., 2014).
Second, it also shows that inhibition of NMDA receptors by
GSK-3p antagonists is unlikely to account for the ability of
these antagonists to block the induction of LTD; rather they
block the ability of GSK-3f to regulate the AMPA receptor
endocytic machinery directly (Peineau et al., 2007). Third, it
suggests the existence of two pools of synaptic NMDA re-
ceptors, one regulated by GSK-3f interacting with PI4KIla
and another that is not, the latter being able to support the in-
duction of NMDA receptor-dependent LTD (Figure 5). This
mechanism would accordingly preserve the bidirectional
modifiability of synaptic strength, in the face of a reduction
in synaptic NMDA receptors. Future work is required to as-
certain whether it is still possible to induce LTP following the
knockdown of PI4KIla.

5 | CONCLUDING REMARKS

In this study, we have identified a role for the GSK-3f sub-
strate, PI4KIla, in the regulation of synaptic NMDA recep-
tors. More specifically, our work has revealed that GSK-3f
phosphorylation of this abundant lipid kinase stabilizes a
pool of synaptic NMDA receptors in a subunit dependent
manner. Perturbation of this GSK-3f regulation of PI4KIl«
may, therefore, be associated with impaired NMDA receptor
function at synapses, which in turn could underlie a plethora
of neurological and psychiatric conditions in which NMDA
receptors play a critical role.
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