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Abstract

Background: Neurogranin (Ng), encoded by the schizophrenia risk gene NRGN, is a
calmodulin-binding protein enriched in the postsynaptic compartments, and its expression is
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reduced in the post-mortem brains of schizophrenic patients. Experience-dependent translation of
Ng is critical for encoding contextual memory, and Ng regulates the developmental plasticity in
the primary visual cortex during the critical period. However, the overall impact of Ng on the
neuronal signaling that regulates synaptic plasticity is unknown.

Methods: Altered Ng expression was achieved via virus-mediated gene manipulation in mice.
The effect on long-term potentiation (LTP) was accessed using spike-timing-dependent plasticity
protocols. Quantitative phosphoproteomics analyses led to discoveries in significant phospho-
targets. An identified candidate was examined with high-throughput planar patch clamp, and
validated with pharmacological manipulation.

Results: Ng bidirectionally modulated LTP in the hippocampus. Decreasing Ng levels
significantly affected the phosphorylation pattern of postsynaptic density proteins, including
glutamate receptors, GTPases, kinases, RNA binding proteins, selective ion channels and ionic
transporters, some of which highlighted the clusters of schizophrenia- and autism-related genes.
Hypo-phosphorylation of NMDAR subunit Grin2A, one significant phospho-target, resulted in
accelerated decay of NMDAR currents. Blocking protein phosphatase PP2B activity rescued the
accelerated NMDAR current decay and the impairment of LTP mediated by Ng knockdown,
implicating the requirement of synaptic PP2B activity for the deficits.

Conclusions: Altered Ng levels affect the phosphorylation landscape of neuronal proteins.
PP2B activity is required for mediating the deficit in synaptic plasticity caused by decreasing Ng
levels, revealing a novel mechanistic link of a schizophrenia risk gene to cognitive deficits.

Keywords

Neurogranin; Synaptic plasticity; Hippocampus; NMDA receptor; Phosphoproteome;
Schizophrenia

Introduction

Schizophrenia is one of the leading causes of disability worldwide, and affected individuals
suffer from hallucinations, delusions, and cognitive dysfunction (1-3). The highly heritable
nature of schizophrenia implies genetic underpinnings (4, 5), but the exact pathophysiology
remains unknown. Over 100 genetic loci are associated with schizophrenia (6-14), and
neurogranin (Ng, gene: NRGN) is identified as a risk gene in multiple populations (6, 7, 15—
17). Individuals carrying the NRGN risk variant exhibit decreased hippocampal activation
during contextual learning (18). High-risk haplotype lowered NRGN expression compared
to the protective haplotype (19), and Ng immunoreactivity was reduced in the prefrontal
cortex regions in schizophrenia patients (20), implicating Ng hypofunction in schizophrenia.

Ng levels are dynamically regulated during development under different environmental and
behavioral states (21-24). In the primary visual cortex, Ng starts to express postnatally and
reaches plateau during the critical period of the ocular dominance plasticity (25). In adult
mice, novel experience enhances Ng expression in the hippocampus, which is required for
contextual memory formation (26). Given this observation, hypofunction of Ng may induce
experience-dependent developmental deficit in excitatory synapse connectivity or cognitive
impairment.
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Ng is highly expressed in the postsynaptic compartment of principal neurons in the cerebral
cortex, hippocampus (22, 23), and binds to calmodulin (CaM) via the 1Q (isoleucine-
glutamine) domain, suggesting the role of Ng in controlling Ca2*/CaM-dependent neuronal
functions (27, 28). The relative activation of Ca*/CaM-dependent protein kinase |1
(CaMKII) and protein phosphatase 2B (PP2B, calcineurin) upon N-methyl-D-aspartate
(NMDA) receptor activation determines the direction of long-term potentiation (LTP) and
long-term depression (LTD), the substrate for learning and memory (29-39). While this
CaMKII/PP2B axis of synaptic regulation is presumably embedded in a more intricate
signaling complex (40), its role in synaptic plasticity is in accordance with the push-pull
mechanism controlling the directionality and efficacy of synaptic plasticity (41-43). PP2B
is preferentially activated when CaM is limited due to its higher affinity for Ca2*/CaM.
CaMKIlI is abundant in the postsynaptic compartment, accumulates at the synapses upon
tetanic stimulation (44), and becomes constitutively active upon autophosphorylation (45—
49), after sufficient Ca2*/CaM-dependent activation (50-52). Therefore, the expression of
synaptic plasticity is highly sensitive to CaM availability, and Ng was proposed to control
synaptic plasticity by regulating Ca?*/CaM dynamics at excitatory synapses (Figure 1A)
(53-56). While previous studies examined the role of Ng in synaptic plasticity, the results
varied depending on the use of different mouse lines, slice preparations, or animal ages (57,
58), implicating that the developmental stage and basal neural activity influence the effect of
Ng on synaptic plasticity.

Here, we used lentiviral-mediated gene transfer to manipulate Ng levels, and examined

its influence on synaptic plasticity. Given the potential impact of Ng levels on Ca2*/CaM-
dependent signaling, we adapted quantitative phosphoproteomic analysis to identify targets
downstream from Ng that regulate synaptic plasticity. From our results, we propose an
Ng-PP2B-NMDAR axis as a potential therapeutic target for cognitive impairment associated
with schizophrenia.

Methods and Materials

Animal Care

Essential methods and materials are described below, and detailed information can be found
in Supplemental Methods and Materials.

7-9 weeks old male C57BL/6 mice (Charles River, USA) were used in electrophysiology.
All mice were housed in a temperature-controlled animal facility at Massachusetts Institute
of Technology (MIT) or at Korea Institute of Science and Technology (KIST), and were
given ad libitum access to food and water. All procedures related to animal and treatment
conformed to the Guide for the Care and Use of Laboratory Animals and were approved
by the Committee on Animal Care of MIT and by the Institutional Animal Care and Use
Committee of KIST.

Cell Cultures

Dissociated cortical neuron culture was prepared from newborn pups of C57BL/6
mice using established protocols (26, 59). Constructs for expressing NMDAR subunits
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were co-transfected with FLP recombinase (ThermoFisher) into Flp-In T-REx 293 cells
(ThermoFisher) and selected for hygromycin resistance. HEK cells were used for high-
throughput planar patch clamp with the SyncroPatch 384PE system (60).

Molecular Cloning

The lentiviral transfer vectors FUGW and FHUGW were used to create lentiviral constructs
used in this study (61, 62). Rat Grinl was cloned downstream of its 31 amino acid signal
peptide and EGFP in frame with a P2A peptide fused to rat Grin2A.

Immunoblot Analysis

Cortical neuron culture infected with lentivirus was subjected to immunoblot analysis for
lentivirus characterization (59, 61). For analyzing phosphorylated protein with Phos-Tag, a
separating gel prepared with Phos-Tag acrylamide was used (63, 64). In pull-down assay,
HEK cells transiently transfected with a plasmid expressing wild-type Ng or mutant Ng
lacking CaM-binding 1Q motif were used.

Live-Cell Imaging

HEK cells were plated on glass bottom 35-mm tissue culture dishes (MatTek) and induced
for two days with doxycycline (Dox). Cells were maintained in a stage top incubator
(Okolab) at 37°C and 5% CO, and imaged with a CSU-X1 spinning disc confocal (Andor).

Stereotaxic Surgery and Slice Physiology

7-week-old mice were anesthetized with a ketamine/xylazine cocktail by intraperitoneal
injection. After confirming anesthesia, lentivirus was injected into the hippocampus based
on the antero-posterior and lateral coordinates assigned to the CA1 region (AP: —2.0 mm,
ML: £1.5 mm, DV: -1.4 mm). Following the injection, mice were returned to their cages
and allowed to recover. All experiments were performed 5-9 days after injection. Acute
hippocampal slices (300-um thick) were prepared based on a published protocol (65).

Proteome and Phosphoproteome Study

Neuron cultures were lysed in urea with protease and phosphatase inhibitors. The protocols
for subsequent digestion, sample processing and data analyses are detailed in Supplemental
Methods and Materials (66-74).

Statistical analysis

The sample size was chosen based on published studies in the field, and no statistical
methods were used to predetermine the sample size. All bar graphs are presented as

the mean + standard error of the mean (SEM). The sample size and statistical methods
used in each experiment is provided in the relevant figure legends. All statistical analysis
was conducted using GraphPad Prism (GraphPad Software), and significance is shown as
*p<0.05, **p<0.01, ***p<0.001.
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Results

Ng overexpression broadens the timing window for spike-timing-dependent LTP via direct
interaction with CaM

The overexpression of Ng-GFP was achieved using lentivirus and confirmed by western
blot in neuron culture (Ng OE, Figure 1B, C). The band intensity of Ng-GFP in Ng OE
was ~170% of the endogenous Ng (Supplemental Figure S1). Acute hippocampal slices
were prepared 5-9 days after injecting the lentivirus in the CA1 region (Figure 1D). Both
paired-pulse ratio (PPR) and AMPAR/NMDAR ratio (A/N ratio) were not significantly
different between infected and uninfected neurons from the same animals (Figure 1E, F),
indicating that Ng OE does not alter presynaptic release probability and basal synaptic
transmission at SC-CA1 synapses. Moreover, stimulation intensity and the corresponding
basal excitatory postsynaptic potentials (EPSPs) were not different between infected and
uninfected neurons (Supplemental Figure S2), further supporting that Ng manipulation does
not affect basal transmission.

The effect of Ng OE on synaptic plasticity was examined using the spike-timing-dependent
plasticity (STDP) protocol, in which the timing between pre- and postsynaptic stimulations
controls plasticity (75-77). To induce STDP-LTP, a pairing consisted of presynaptic
stimulation followed by action potentials was repeated 100 times (Figure 1G). When the
pairing was performed at a 10-ms interval, both uninfected and infected neurons expressed
robust LTP with a similar degree (Figure 1H-K), indicating that Ng OE exerts no additional
effects on the magnitude of LTP. We then tested a less optimal interval, 20 ms, driving less
cooperated activity at SC-CA1 synapses. This pairing protocol no longer induced LTP in
uninfected neurons (Figure 2A, G, H); whereas neurons with Ng OE robustly expressed LTP
(Figure 2B, G, H), indicating that increased Ng levels broadened the temporal association
window for STDP-LTP.

To test whether this effect is mediated by the interaction between Ng and CaM, we created
an Ng mutant without the 1Q motif (Figure 2C, D, NgAIQ). Using the pull-down assay with
CaM beads, we confirmed that wild-type Ng preferentially binds CaM under low calcium
(EGTA), while NgAIQ does not interact with CaM (Figure 2E). As expected, NgAIQ OE did
not trigger LTP by the induction protocol with a 20-ms interval (Figure 2F-H), indicating
that CaM-Ng interaction is required to promote STDP-LTP by Ng OE.

Ng knockdown abolishes the induction of STDP-LTP at SC-CA1 synapses

We next examined whether the Ng-dependent modulation of STDP-LTP is bidirectional. A
lentiviral vector was constructed to knockdown Ng (Figure 3A, Ng KD), and the knockdown
was highly effective 7-10 days after infection in neuron culture (Figure 3B, control bands
are the same as Figure 1C). Similar to Ng OE, Ng KD did not affect PPR and A/N ratio at
SC-CA1 synapses (Figure 3C, D). The effect of Ng KD on STDP-LTP was examined using
the protocol with a 10-ms interval, and LTP was completely abolished in neurons with Ng
KD (Figure 3E-H), indicating the essential role of Ng for STDP-LTP.

We further examined the effect of Ng on STDP-LTD using an inverted induction protocol
(Supplemental Figure S3A). When the pairing was performed with the 10-ms interval, both
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control and Ng KD neurons displayed robust LTD (Supplemental Figure S3B-E), whereas
the same protocol triggered strong LTP in Ng OE neurons (Supplemental Figure S4).
Together, these results implicate that elevated Ng levels broaden the timing window for
STDP-LTP expression, and reduced Ng levels prevent LTP.

Decreased Ng levels affect the phosphorylation pattern in the postsynaptic
phosphoproteome, inducing hypo-phosphorylation of NMDAR subunit Grin2A

Given the role of Ng in regulating CaM availability, we hypothesized that Ng KD influences
the activation of Ca2*/CaM-dependent kinases and phosphatases, thereby leading to a global
change in phosphoproteome, including targets affecting synaptic plasticity. To test this

idea, phosphopeptides were enriched from cell lysates of neuronal culture infected with
GFP or Ng KD lentivirus, and total proteome and phosphoproteome were analyzed using
quantitative mass spectrometry (Figure 4A) (78, 79).

In the proteomic dataset, Ng levels were significantly reduced by Ng KD to 12%, confirming
the effective knockdown (Supplemental Table S1). To analyze the effect of Ng KD on

total protein expression, we performed the Gene Ontology analysis using Enrichr (80, 81).
General cellular functions, rather than neuronal specific processes, were highlighted in the
top ten processes in both categories (Supplemental Figure S5). The levels of Calm1, the only
CaM gene identified, were not significantly different between control and Ng KD. Similarly,
no significant differences were detected in CaMKlla, B, 6, -y, all PP2A catalytic subunits,
and PP2B catalytic isoforms a., y. There is a small but significant decrease of the PP2B
catalytic isoform B, to 80% of the control levels. The expression of CaM, PP2B (catalytic
and regulatory subunits), CaMKII and CaMKII phosphorylation at T286 were confirmed
unaffected by Ng KD using western blot (Supplemental Figure S6), together implicating that
the influence of Ng KD on the protein levels of the core CaMKIla/PP2B enzymes is limited.

The phosphoproteome data were normalized to the total proteome when proteins were
confidently identified in the total proteome dataset (Supplemental Table S2). Un-normalized
P-sites were omitted from subsequent analysis. Near 30,000 phosphorylation sites (P-sites)
comprising of 5,485 proteins were analyzed, and 4,744 (~16%) of these P-sites derived from
2,413 proteins exhibited a significant change in their phosphorylation status compared to
control (Figure 4B, FDR<0.05). Using the hypergeometric test, we found that differentially
regulated P-sites were significantly over-represented in the set of known postsynaptic
density (PSD) proteins (p<2x10~11, Supplemental Table S3) (73). Specifically, 27% and
26% of the proteins with up- and down-regulated P-sites overlapped with the PSD
proteomic dataset, respectively (Supplemental Table S3), indicating that Ng KD altered

the phosphorylation pattern of postsynaptic components considerably. We further performed
GO enrichment analysis (82, 83), separately on the sets of up- and down-phosphorylated
PSD proteins (74). Notably, overlapping and distinct pathways were highlighted in both up-
and down-regulated clusters (Figure 4C), which was also observed with pathway analysis
using synaptic GO (SynGO) (84). Both up- and down-regulated gene sets highlighted
organization, presynaptic and signaling processes. Genes containing up-regulated P-sites
exhibited higher significance in chemical synaptic transmission and vesicle cycling,
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whereas those containing down-regulated P-sites exhibited higher significance in structural
constituents of synapse (Supplemental Figure S7).

Given the association of Ng with autism spectrum disorders (ASDs) and schizophrenia,

and the convergence of glutamatergic synaptic components in ASDs and schizophrenia,

we tested whether the changes in phosphoproteome overlap with ASD- and schizophrenia-
associated genes, and aimed to use this approach to narrow down the list for further
functional analysis. We took the human ASD gene list from SFARI with category scores<4.
Among the 460 genes included in the list, 427 were converted to mouse genes and compared
with the list from our proteomic analysis (Figure 4D, left). 256 of 427 were identified in the
phosphoproteome data, in which 97 targets showed significant changes in phosphorylation
states by Ng KD. The list of genes with phosphorylation sites are reported in Supplemental
Table S4, with highlight in synaptic components and ion channels. Among the candidate
genes from the 108 Loci associated with schizophrenia (6), 241 of 333 human genes from
the schizophrenia dataset were converted to mouse genes. 111 of these were identified in
the phosphoproteome, in which 29 targets exhibited significant changes in phosphorylation
states by Ng KD (Figure 4D, right and Supplemental Table S5).

Among the proteins with significantly altered phosphorylation by Ng KD, seven targets were
associated with both ASD and schizophrenia (Figure 4E). While not all of the dysfunctions
of these seven genes in ASDs and schizophrenia were fully known, hypofunction of
NMDARSs, in certain cases, Grin2A (NR2A, GIuN2A), was implicated in ASD and
schizophrenia (85, 86). Additionally, Grin2A is critically involved in NMDAR-dependent
plasticity (87-90), providing an incentive to determine the effect of Grin2A phosphorylation
on NMDAR functions. Significant P-sites identified in Grin2A are listed in Supplemental
Table S6. In particular, Grin2A S1384 was significantly hypo-phosphorylated by Ng KD,
and S882/S890 was hyper-phosphorylated. In a separate sample set with independent
neuron culture and proteomic processing, the hypo-phosphorylation of Grin2A S1384 was
validated, and three additional sites (S1198, S1201 and S1204) were also identified as hypo-
phosphorylated sites, implying the tolerance at certain phosphorylation sites. To further
characterize the change in Grin2A phosphorylation by Ng KD, we used a Phos-Tag system,
which separates proteins based on phosphorylation levels (64, 91), and found that Ng KD
caused hypo-phosphorylation of Grin2A (Figure 4F).

C-terminal phosphorylation of Grin2A modulates NMDAR-mediated current kinetics

Grin2A-containing NMDAR is required for STDP-LTP (90), and the C-terminal region of
Grin subunits regulates NMDAR channel kinetics (92-94), including the phosphorylation
of Grin2A C-terminus (94-97). Given the hypo-phosphorylation of Grin2A, we examined
whether the four serine sites regulate NMDAR current kinetics. We generated Grin2A
mutants in which S1198/1201/1204/1384 were mutated to alanine (SA; phospho-deficient)
or aspartic acid (SD; phospho-mimetic), and a C-terminal truncated mutant (-Ct) (Figure
5A). The Grin2A constructs were co-expressed with Grinl (NR1, GIuN1) separated by

a self-cleaving P2A peptide in HEK cells (Figure 5A, B). Dox-induced expression of
constructs was validated by qPCR, western blot, and live-cell imaging (Figure 5C and
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Supplemental Figure S8A, B). The responses from mutant channels elicited by glutamate
were examined using the single-cell planar patch clamp (Figure 5D) (98).

SA and SD mutants exhibited significantly faster decay of NMDAR-mediated currents
compared to WT and —Ct mutant (Figure 5E-1). The decay kinetics were not correlated
with the peak amplitude in all mutants (Supplemental Figure S8C, D), indicating that the
difference in the decay Kinetics is not due to the amount of calcium influx. This was further
supported by the recording in Ba2*-containing solutions, in which SA and SD mutants also
exhibited significantly faster decay compared to WT and —Ct mutant (Supplemental Figure
S8E-J). The accelerated current profile of the SD mutant was surprising, because it was
designed to mimic the phosphorylated state at the mutated residues. It is likely that both
SA and SD mutants mimic the dephosphorylated state of Grin2A at these phosphorylation
sites, which does not fulfill the structural requirement of a phosphorylated serine residue to
slow down the current decay. Similar results were previously observed with other proteins
(99-102). We also could not exclude the possibility that both SA and SD mutants lead

to other unidentified changes within the channels that contribute to the accelerated current
decay.

SA and SD mutants also exhibited accelerated current rise compared to WT and —

Ct channels when recorded in Ca2*-based solutions (Supplemental Figure S9). This
acceleration became non-significant when recordings were performed in BaZ*-based
solutions, implicating that the effect of phosphorylation on channel activation is calcium-
dependent. Together, these results demonstrate that the phosphorylation state of Grin2A
C-terminus regulates the kinetics of NMDAR currents, and the dephosphorylation of serine
sites $1198/1201/1204/1384 accelerates the current rise and decay.

Decreased Ng levels accelerate the decay of synaptic NMDAR currents dependent on
PP2B activity

The induction of STDP-LTP requires calcium influx through NMDARs (75-77). Given
our results on hypo-phosphorylation of the Grin2A subunit by Ng KD and its functional
implication (Figure 4F and Figure 5), we examined the kinetics of synaptically evoked
NMDAR currents in Ng KD neurons, and found that NMDAR-mediated currents showed
faster decay (Figure 6A). This is consistent with the results of SA and SD mutants in
HEK cells, implicating that Ng KD caused more transient calcium influx through synaptic
NMDARs by the de-phosphorylation of Grin2A.

With decreased Ng levels, more CaM becomes available for calcium binding under a
resting condition, likely increasing PP2B activity due to its high affinity for Ca2*/CaM
(103). Therefore, we tested whether suppressing PP2B could rescue the accelerated decay
of synaptic NMDAR-mediated currents using FK506, a highly specific and potent PP2B
inhibitor (104-106). FK506 treatment had no effect on the decay kinetics of NMDAR
currents in control neurons, but it rescued the accelerated decay in Ng KD neurons (Figure
6A). These results implicate that basal synaptic PP2B activity in control neurons, if any,
does not affect the kinetics of NMDAR currents. In Ng KD, however, decreased Ng levels
likely elevate synaptic PP2B activity, which in turn dephosphorylates the Grin2A subunit at
synapses and accelerates the decay of NMDAR-mediated currents (95, 96).
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Given the role of PP2B in regulating synaptic plasticity (41, 107, 108), we tested whether
PP2B activity is required for the impaired LTP observed with Ng KD. Notably, bath
application of FK506 rescued LTP in Ng KD neurons (Figure 6C-E) without affecting

the magnitude of LTP in the control cells (Figure 6B, D, E). Taken together, these results
implicate that decreased Ng levels impair STDP-LTP via recruiting synaptic PP2B activity.

Ng overexpression and decreased PP2B activity converge on the effect on STDP-LTP

We further examined whether the broadened temporal window for STDP-LTP by Ng OE
also involves PP2B. Ng OE would suppress the formation of Ca2*/CaM complexes and thus
inhibit basal PP2B activity. If Ng OE decreases PP2B activity which exerts its effect on LTP,
then blocking PP2B activity is likely to mimic Ng OE. In fact, bath application of FK506
enabled control cells to express STDP-LTP with the 20-ms pairing protocol which failed

to induce LTP in the vehicle conditions (Figure 7A, B, E-G), implicating that basal PP2B
activity restricts the timing window for STDP-LTP. Importantly, Ng OE occluded the effect
of FK506 on broadening the timing window (Figure 7C-G), suggesting that Ng OE exerts
the effect on STDP-LTP by suppressing PP2B activity.

Discussion

Information encoding in the brain requires long-lasting changes in excitatory synaptic
strength, primarily mediated by Ca?*/CaM-dependent signaling through NMDARs. Here
we report that Ng controls the efficacy of this process dependent on PP2B activity.

The total concentrations of CaM-binding proteins are significantly higher than CaM itself,
making CaM a limiting factor (109). In neurons, Ng further limits CaM by forming Ng-CaM
complexes, where the total concentrations of Ng and CaM are estimated to be 20 and 10
UM, respectively (53, 55). Given the high binding affinity between Ng and CaM (110), the
majority of CaM is thought to exist as Ng-CaM complex at the rest state (53). Ng KD

likely releases CaM for calcium binding in the spine and recruits PP2B activity, causing

the accelerated decay of NMDAR-mediated currents and the impaired LTP (Supplemental
Figure S10A). Conversely, increasing Ng levels sequesters CaM, and thus suppresses PP2B
activity (Supplemental Figure S10B). FK506 mimicked and occluded the effect of Ng OE on
STDP-LTP, indicating that Ng OE broadened the timing window for LTP through inhibiting
PP2B activity. Given that FK506 did not alter the decay kinetics of synaptically evoked
NMDAR currents in control cells (Figure 6A), likely there is little synaptic PP2B activity in
the control cells capable of slowing the synaptic NMDAR current decay, and the effect of
Ng OE or FK506 on STDP-LTP may be due to the suppression of PP2B activity at peri- or
extra-synaptic locations on different neuronal targets. Ng is localized in the dendritic spines
(22, 111), and thus basal PP2B activity is presumably higher at perr- or extra-synaptic sites
compared to dendritic spines.

Our proteomic analysis revealed that Ng KD has profound effect on the phosphoproteome
landscape, highlighting PSD components. In particular, Ng KD altered phosphorylation
patterns of ion channels and neurotransmitter receptors, suggesting a functional impact

on membrane properties and synaptic inputs. We narrowed down the significant targets
using the overlapping genes of Ng KD phosphoproteome, ASD and schizophrenia datasets,
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given that 1) Ng is a schizophrenia-associated gene and a target in an inherited ASD,
Jacobsen’s Syndrome; 2) Ng KD dataset is highly enriched in PSD components, and ASD
and SCZ gene sets also highlight the glutamate synaptic network. This approach is poised to
provide overlap that converges the three different data sets. Whether this overlap indicates a
converging pathophysiology is unknown.

Grin2A is one of the gene targets present in all three datasets, which is essential

for mediating synaptic plasticity. Our results implicate that Ng KD caused NMDAR
hypofunction, likely via the hypo-phosphorylation of Grin2A. The SA and SD mutants

of Grin2A exhibited faster current decay, and Ng KD accelerated synaptic NMDAR
current decay in a PP2B-dependent manner, consistent with previous findings that Grin2A
dephosphorylation accelerates NMDAR current decay (97).

Ng KD caused significant hyper-phosphorylation of certain targets, suggesting that the
effect of Ng KD on phosphoproteome is not a generic consequence of overall increase in
phosphatase activities. Our functional validation of the PP2B-Grin2A pathway provides

a proof of principle for analyzing functional consequence of phosphoproteome targets
beyond the Ng-PP2B-Grin2A axis. While the measurement of synaptic NMDAR current
kinetics reports the synaptic effect caused by Ng KD dependent on PP2B activity, it is
conceivable that PP2B targets beyond Grin2A contribute to the altered temporal window

of STDP, and other CaM-dependent signaling events could also be involved. In fact, our
phosphoproteomic studies identified changes in phosphorylation in multiple ion channels,
including L-type calcium channels and small conductance calcium-activated potassium
channels, which are known to regulate STDP (75, 112) and regulated by CaM (113,

114). Moreover, neuromodulators also gate the polarity and temporal window of STDP
(42), and the adrenergic receptor family was a significant hit in the phosphoproteome
dataset. These are important future directions for in-depth investigation to fully decipher
molecular mechanisms of STDP controlled by Ng/CaM-pathways. Moreover, whether and
how Ng levels are associated with decreased hippocampal activation in schizophrenia (18) is
currently unknown. Given that Ng KD caused significant changes in the phosphorylation of
voltage-gated ion channels (Supplemental Tables S4, 5), it will be important to investigate
how these phosphorylation events affect neuronal excitability at the circuit level.

Collectively, our data provide evidence that Ng controls the induction of LTP in the
hippocampus. Ng translation is rapidly up-regulated following neuronal activity (26), and
the elevated Ng levels likely facilitate LTP induction between co-activated and connected
neurons, thereby establishing the engram representing specific events. Consistent with

our findings in the hippocampus, Ng OE in the prefrontal cortex enhances plasticity and
extinction learning (115). However, we cannot formally exclude that broadening of the
timing window (decreasing timing-contingency) is disruptive, and excessively high levels of
Ng under pathological conditions may cause abnormal and persistent memory association.

Our results highlight that the components in the Ca?*/CaM-dependent signaling cascade,
particularly the Ng-PP2B-Grin2A axis, are potential therapeutic targets for cognitive
impairment associated with schizophrenia, Jacobsen syndrome and Alzheimer’s disease.
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Figure 1. Ng overexpression does not affect basal synaptic transmission.

(A) Ng binds to CaM and regulates CaM availability. Purple: Ng (only the CaM-binding

IQ motif of Ng is depicted), Green: CaM, Yellow spheres: Ca* ions (PDB: CaM, 1CFD;
Ca2*/CaM complex, 3CLN; Ng-CaM complex, 4E50). (B) Diagram of a lentivirus vector
for Ng overexpression (Ng OE). LTR, long terminal repeat; ¥, packing signal; Flap,

flap element from HIV-1; pUb, ubiquitin promoter; WRE, woodchuck hepatitis virus
posttranscriptional regulatory element. (C) Immunoblot of neuron culture infected with

the Ng OE or GFP lentivirus shows overexpression of Ng-GFP or GFP, respectively. (D)
Top: Experimental timeline for whole-cell patch clamp recordings. Bottom: The DIC and
epifluorescence images display robust expression of GFP in the hippocampal CA1 region.
(E) Paired-pulse ratio recorded at 50-ms interval from control and Ng OE neurons. Left:
average traces from control and Ng OE cells (scale bars, 100 pA, 50 ms). Right: collective
data of paired-pulse ratio in control (n=12 cells/10 slices/6 mice, 1.94 + 0.10) and Ng

OE (n=7/7/6, 1.89 + 0.13) cells. The paired-pulse ratio values from individual cells are
presented as open circles. The average values are presented as a bar graph with SEM (n.s.;
not significant, t-test). (F) Comparison of NMDAR-EPSC to AMPAR-EPSC ratio in control
and Ng OE neurons. Left: superimposed representative EPSC traces of dual components
(compound EPSC of AMPAR and NMDAR), NMDAR-EPSC and AMPAR-EPSC measured
at +40 mV. (scale bars, 50 pA, 50 ms). Right: collective data of the ratio of peak AMPAR-
EPSC to NMDAR-EPSC in control (n=7/7/5, 0.73 £ 0.09) and Ng OE (n=6/6/5, 0.66 + 0.06)
cells. AMPAR/NMDAR ratio values from individual cells are presented as open circles.
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The average values are presented as a bar graph with SEM (n.s.; not significant, t-test).

(G) Left: spike-timing-dependent plasticity was induced by 100 pairings of presynaptic and
postsynaptic stimulations at 5 Hz. Right: An example of current clamp recording from a
CAL neuron during the pairing. (H, 1) Sample recordings of STDP at 10-ms pairing interval
from an uninfected control cell and a cell infected with Ng OE. Gray bars indicate the timing
of STDP induction. Averaged EPSP traces indicated with 1 and 2 (scale bars, 2 mV, 50 ms).
(J) Averaged summary graphs of STDP at 10-ms interval in uninfected control (n=5) and Ng
OE (n=6) cells. Each circle represents mean £ SEM. (K) Collective data of STDP at 10-ms
interval in control (n=5/5/5, 174.7 + 26.0%) and Ng OE (n=6/6/5, 181.4 + 24.0%) cells.
EPSP after LTP induction (% baseline) values from individual cells are presented as open
circles, and the average values are presented as a bar graph with SEM (n.s.; not significant,
t-test).
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Figure 2. Ng overexpression facilitates the induction of pairing-induced LTP.
(A, B) Sample recordings of STDP at 20-ms pairing interval from an uninfected control cell

and a cell infected with Ng OE. Gray bars indicate the timing of STDP induction. Averaged
EPSP traces indicated with 1 and 2 (scale bars, 2 mV, 50 ms). (C) Diagram of a lentivirus
vector for a Ng mutant lacking the CaM-binding 1Q motif (NgAIQ). (D) Immunoblot

of cortical neuron culture infected with the Ng OE or the Ng deletion mutant lentivirus
demonstrates effective overexpression of indicated constructs. The deletion mutant runs a
bit smaller compared to the wild-type Ng, as expected. (E) Binding of Ng to CaM was
examined by pull-down assay in the presence of 2 mM Ca2* or 2 mM EGTA. Immunoblot
of total cell lysate (input), flow through, and proteins bound to the CaM beads (CaM bead
pull-down) samples probed with an antibody against Ng C-terminal. (F) A sample recording
of STDP at 20-ms pairing interval from a cell infected with NgAIQ. A gray bar indicates

the timing of STDP induction. Averaged EPSP traces indicated with 1 and 2 (scale bars,

2 mV, 50 ms). (G) Averaged summary graphs of STDP at 20-ms interval in uninfected
control (n=9), Ng OE (n=6) and NgAIQ (n=5) cells. Each circle represents mean + SEM.
(H) Collective data of STDP at 20-ms interval in control (n=9/9/7, 108.2 £ 14.0%), Ng

OE (n=6/6/5, 175.2 + 14.9%) and NgAIQ (n=5/5/4, 108.4 + 21.9%) cells. EPSP after LTP
induction (% baseline) values from individual cells are presented as open circles, and the
average values are presented as a bar graph with SEM (*p<0.05, One-way ANOVA followed
by Tukey’s multiple comparison test).
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Figure 3. Ng knockdown abolishes the induction of LTP at SC-CAL synapses.
(A) Diagram of a lentivirus vector for Ng knockdown (Ng KD). (B) Immunoblot of cortical

neuron culture infected with the Ng KD or GFP only (control) lentivirus demonstrates
effective knockdown of endogenous Ng. (C) Comparison of paired-pulse ratio at 50-ms
interval recorded from control and Ng KD neurons. Left: average traces from control and Ng
KD cells (scale bars, 100 pA, 50 ms). Right: collective data of paired-pulse ratio in control
(n=12/9/7, 1.85 + 0.08) and Ng KD (n=9/7/7, 2.05 £ 0.20) cells. The paired-pulse ratio
values from individual cells are presented as open circles. The average values are presented
as a bar graph with SEM (n.s.; not significant, t-test). (D) Comparison of NMDAR-EPSC

to AMPAR-EPSC ratio in control and Ng KD neurons. Left: superimposed representative
EPSC traces of dual components (compound EPSC of AMPAR and NMDAR), NMDAR-
EPSC and AMPAR-EPSC measured at +40 mV. (scale bars, 50 pA, 50 ms). Right: collective
data of the ratio of peak AMPAR-EPSC to NMDAR-EPSC in control (n=6/6/5, 0.92 + 0.10)
and Ng KD (n=7/7/5, 0.85 + 0.11) cells. AMPAR/NMDAR ratio values from individual
cells are presented as open circles. The average values are presented as a bar graph with
SEM (n.s.; not significant, t-test). (E, F) Sample recordings of STDP at 10-ms pairing
interval from an uninfected control cell and a cell infected with Ng KD. Gray bars indicate
the timing of STDP induction. Averaged EPSP traces indicated with 1 and 2 (scale bars,

2 mV, 50 ms). (G) Averaged summary graphs of STDP at 10-ms interval in uninfected
control (n=9) and Ng KD (n=6) cells. Each circle represents mean £ SEM. (H) Collective
data of STDP at 10-ms interval in control (n=9/9/5, 194.9 + 17.8%) and Ng KD (n=6/6/5,
112.1 + 9.8%) cells. EPSP after LTP induction (% baseline) values from individual cells are
presented as open circles, and the average values are presented as a bar graph with SEM
(**p<0.01, t-test).
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Figure 4. Knockdown of Ng causes significant shifts in neuronal phosphoproteome.
(A) Proteomic and phosphoproteomic workflow for the Ng KD experiment. (B) Volcano

plots comparing the individual phosphoproteome phosphorylation sites of the Ng KD
experiment. The -logyg of the adjusted p value is plotted against the average log, fold
change for the phosphoproteome. The dotted line represents an adjusted p value of 0.05. Red
circles represent identified PSD components as described by Bayes et al (73). (C) Left: The
pathways highlighted with down-regulated phosphorylation of PSD targets in Ng KD. Right:
The pathways highlighted with up-regulated phosphorylation of PSD targets in Ng KD.

(D) Left: The overlap of significantly affected phosphorylated targets by Ng KD with the
ASD-associated gene set. Right: The overlap of significantly affected phosphorylated targets
by Ng KD with the schizophrenia-associated gene set. The up-regulated phosphoproteome
with Ng KD presented in blue; the down-regulated phosphoproteome with Ng KD in purple;
the ASD gene set in yellow; and the schizophrenia gene set in pink. (E) The overlap of
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significantly affected phosphorylated targets by Ng KD with both ASD- and schizophrenia-
associated gene sets. (F) A differential phosphorylation of NMDAR subunit Grin2A was
examined using a Phos-Tag SDS-PAGE, and Ng KD led to an increase in the fraction of
non-phosphorylated (or least-phosphorylated) Grin2A subunit.
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Figure 5. C-terminal phosphorylation of Grin2A modulates NMDAR-mediated current Kinetics.
(A) Design of wild-type (WT), C-terminus deletion (-Ct), serine to alanine (SA), and
serine to glutamate (SD) isogenic, single-copy, doxycycline-inducible NMDAR expression
constructs. The four phosphorylation sites selected for mutation are S1198, S1201,

S1204, and S1384 in rGrin2A (Uniprot ID: P35436). (B) Experimental design for
high-throughput analysis of NMDAR-mediated currents using a 384-well planar patch
clamp electrophysiology system. (C) Live-cell confocal images demonstrating the surface
expression of NMDAR WT and mutants 48 hours post-induction with doxycycline, scale
bar, 25 um. (D) Left: Example of a 384-well (16 by 24) planar patch clamp recording.
Right: Representative recordings of NMDAR-mediated currents using planar patch clamp.
(E) Average traces of NMDAR currents with Grin2A WT and mutants normalized to the
peak current highlight the differences in decay kinetics in —Ct, SA and SD mutants. Shaded
bands represent SEM. (F) Box plots of decay tau values of NMDAR currents recorded
from the cell lines with Grin2A WT, —Ct, SA and SD mutants. Data were compared via
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one-way ANOVA and significance was calculated with the Holmes-Sidak multi-comparisons
test. *p<0.05, ***p<0.001. (G-I) Gaussian fits of the cumulative distribution of decay
kinetics (G), probability density histograms of decay kinetics (H) and its Gaussian fits (I)
demonstrate Gaussian distributions for all experimental conditions except for —Ct.
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Figure 6. Ng knockdown accelerates the decay of NMDAR-mediated synaptic currents at SC-
CALl synapses by increasing PP2B activity.

(A) Comparison of NMDAR-mediated calcium currents recorded from control and Ng KD
neurons. Left: average traces of NMDAR currents from control and Ng KD cells recorded
in vehicle only (upper) or in the presence of 1 uM FK506 (bottom). NMDAR currents were
fitted with a two-exponential decay function, and the slow component were not significantly
different across the four conditions. Right: collective data of the fast component of NMDAR
currents measured from control (n=21/17/9, 25.70 + 1.44 ms) and Ng KD (n=15/12/9, 18.63
+ 0.92 ms) cells in vehicle and from control (n=14/10/6, 24.31 + 1.34 ms) and Ng KD
(n=10/7/6, 25.48 £ 1.41 ms) cells in FK506. The fast component of exponential decay values
from individual cells are presented as open circles. The average values are presented as a
bar graph with SEM (**p<0.01, *p<0.05, Two-way ANOVA followed by Tukey’s multiple
comparison test). (B, C) Sample recordings of STDP at 10-ms pairing interval from an
uninfected control cell and a cell infected with Ng KD in the presence of FK506. Gray
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bars indicate the timing of STDP induction. Averaged EPSP traces indicated with 1 and 2
(scale bars, 2 mV, 50 ms). The slice was treated with 1 pM FK506 for 30 min prior to the
recording, and throughout the experiment. (D) Averaged summary graphs of STDP at 10-ms
interval in uninfected control (n=7) and Ng KD (n=6) cells in the presence of FK506. Each
circle represents mean £ SEM. (E) Collective data of STDP at 10-ms interval in control
(n=7/7/6, 203.9 £ 21.6%) and Ng KD (n=6/6/6, 184.6 + 35.1%) cells in the presence of
FK506. EPSP after LTP induction (% baseline) values from individual cells are presented

as open circles, and the average values are presented as a bar graph with SEM (n.s.; not
significant, t-test).
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Figure 7. Ng overexpression facilitates LTP by suppressing PP2B activity.
(A-D) Sample recordings of STDP at 20-ms pairing interval from an uninfected control cell

in vehicle only, a control cell in the presence of FK5086, a cell infected with Ng OE in
vehicle only, and a cell infected with Ng OE in the presence of FK506. Gray bars indicate
the timing of STDP induction. Averaged EPSP traces indicated with 1 and 2 (scale bars,

2 mV, 50 ms). The slice was treated with 1 uM FK506 for 30 min prior to the recording,

and throughout the experiment. (E) Averaged summary graphs of STDP at 20-ms interval in
uninfected control cells (n=7) and Ng OE cells in vehicle (n=6). Each circle represents mean
+ SEM. (F) Averaged summary graphs of STDP at 20-ms interval in uninfected control cells
(n=9) and Ng OE cells in FK506 (n=6). Each circle represents mean + SEM. (G) Collective
data of STDP at 20-ms interval in control cells in vehicle (n=7/7/6, 105.7 + 13.3%), control
cells in FK506 (n=9/9/5, 179.1 + 16.3%), Ng OE cells in vehicle (n=6/6/6, 215.6 + 24.4%),
and Ng OE cells in FK506 (n=6/6/5, 204.0 £ 26.9%). EPSP after LTP induction (% baseline)
values from individual cells are presented as open circles, and the average values are
presented as a bar graph with SEM (**p<0.01, *p<0.05, Two-way ANOVA followed by
Tukey’s multiple comparison test).
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Resource Type

Specific Reagent or Resource

Source or
Reference

Identifiers

Additional Information

Include name of

Include catalog

manufacturer, numbers, stock
company, numbers, database
o repository, IDs or accession
Q%jsﬁdrﬁg&]:é individual, or numbers, and/or Include any additional
for each Include species and sex when applicable. research lab. RRIDs. RRIDs are information or notes if
resource tyoe Include PMID highly encouraged; necessary.
yp or DOI for search for RRIDs at
references; use https://scicrunch.org/
“this paper” if resources.
new.
- Cat #: AB5620,
Antibody Rabbit polyclonal anti-neurogranin Millipore RRID: AB_91937
Cat #: A2228,
: A5441, RRID:
Antibody AB_476697, RRID:
Mouse monoclonal anti-p-Actin Sigma AB_476744
Cat #:
Antibody ab109182, RRID:
Rabbit monoclonal anti-Grinl Abcam AB_10862307
. Cat #: 07-632,
Antibody Rabbit polyclonal anti-Grin2A Millipore RRID: AB_310837
Cat #: 05—
Antibody 901R, RRID:
Rabbit monoclonal anti-Grin2A Millipore AB_10805961
Cat #:
Antibody GTX103558, RRID:
Rabbit polyclonal anti-Grin2A GeneTex AB_10727703
: Cat #: 06-600,
Antibody Rabbit polyclonal anti-NR2B Millipore RRID: AB_310193
. Cat #: 05-532,
Antibody Mouse monoclonal anti-CaMKlla Millipore RRID: AB_309787
] Mouse monoclonal anti-calcineurin (a Cat #: C1956,
Antibady subunit) Sigma RRID: AB_258774
. Mouse monoclonal anti-calcineurin (B Cat #: C0581,
Antibody subunit) Sigma RRID: AB_258693
- Cat #: T5168, RRID:
Antibody Mouse monoclonal anti-a-Tubulin Sigma AB_477579
Antibod Rabbit polyclonal anti-CaMKII (phospho Cat #: ab32678,
Y T286) Abcam RRID: AB_725893
: Cat #: 05-173,
Antibody Mouse monoclonal anti-calmodulin Millipore RRID: AB_309644
. Cat #: ab6556,
Antibody Rabbit polyclonal anti-GFP Abcam RRID: AB_305564
Cell Line Cat #: CRL-3216,
Human: HEK 293T cells ATCC RRID: CVCL_0063
Cell Line Human: Flp-In™ T-REx™ 293 cells Thermo Cat #: R78007
Chemical
Compound or Phos-tag (TM) Acrylamide AAL-107 5mM
Drug Aqueous Solution Wako Cat #: 304-93526

Chemical
Compound or

Drug

Calmodulin Sepharose 4B

GE Healthcare

Cat #: 17-0529-01
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Resource Type Specific Reagent or Resource gz:‘lerrcgn?;g Identifiers Additional Information
Chemical
Compound or
Drug TMT-6 isobaric mass tag reagent Thermo Cat #: 90061
Chemical
Compound or
Drug FK506 Tocris Cat #: 3631
Chemical
Compound or
Drug D-AP5 Tocris Cat #: 0106
Commercial
Assay Or Kit RNeasy Plus kit Qiagen Cat #: 74134
Commercial
Assay Or Kit Pierce BCA assay kit Thermo Cat #: 23225
Organism/Strain | Mouse: C57BL/6 wild-type Charles River N/A
Recombinant PMID:
DNA Plasmid: FU_eGFP_GW 16815335 N/A
Recombinant PMID:
DNA Plasmid: FHU_eGFP_GW 16815335 N/A
Recombinant
DNA Plasmid: FU_Ng-eGFP_GW This paper N/A
Recombinant
DNA Plasmid: FU_NgAIQ-eGFP_GW This paper N/A
Recombinant
DNA Plasmid: FH_shNg_U_eGFP_GW This paper N/A
Recombinant
DNA Plasmid: pOG44 Thermo Cat #: V600520
Recombinant
DNA Plasmid: pFRT-TO Thermo Cat # V652020
Sequence-Based | shRNA targeting sequence: neurogranin:
Reagent GTGACAAGACTTCCCTACTGTTT This paper N/A
Sequence-Based | Primer: rat Grinl Forward:
Reagent gtcatcatcctttctgcaagc This paper N/A
Sequence-Based | Primer: rat Grinl Reverse:
Reagent ccagagatctcgcgttcc This paper N/A
Sequence-Based | Primer: rat Grin2A Forward:
Reagent caaggccagctgctatgg This paper N/A
Sequence-Based | Primer: rat Grin2A Reverse:
Reagent tgccatcccaagtcacatt This paper N/A
Universal

gigugrrwl(t:e—Based Primer: B-Actin Forward: ProbeLibrary

g CCAACCGCGAGAAGATGA (Roche) N/A

Universal

giguggtt:e-Based Primer: B-Actin Reverse: ProbeLibrary

g CCAGAGGCGTACAGGGATAG (Roche) N/A

. https://
i?ﬁg:ﬁ;]erh www.wavemetrics.com/
9 Igor Pro 7.01 WaveMetrics RRID: SCR_000325 | products/igorpro

Software;
Algorithm OriginPro OriginLab RRID: SCR_014212 | https://www.originlab.com/
Software; GraphPad
Algorithm GraphPad Prism 7 Software RRID: SCR_002798 | https://www.graphpad.com/
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ie Source or e . .
Resource Type Specific Reagent or Resource Reference Identifiers Additional Information
Software; Molecular https://
Algorithm Clampfit 10.5 Devices RRID: SCR_011323 | www.moleculardevices.com/
Software;
Algorithm FIJI (Image J 1.51h) NIH RRID: SCR_003070 | https://imagej.nih.gov/ij/
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