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Background: Glutamate, an excitatory neurotransmitter, plays a pivotal role in cellular phenomena 
in neurons, like synaptic plasticity and excitotoxicity. As the major glutamate receptors, N-methyl-
D-aspartate receptors (NMDARs) undergo phosphorylation at Ser1303 on the GluN2B subunit upon 
glutamate binding. This effect results from the influx of calcium and subsequent activation of many 
known kinases that phosphorylate the receptor. However, the regulation of this phosphorylation at 
this site and the involved phosphatases have remained unknown, especially under excitotoxicity 
conditions induced by glutamate treatment. 

Objectives: This study attempts to investigate the regulation of phosphorylation at GluN2B-Ser1303 
under excitotoxic conditions and identify the phosphatase responsible.

Materials & Methods: Primary cortical neurons prepared from embryonic rat brains were treated 
with glutamate, thereby inducing excitotoxicity in vitro. Then, the phosphorylation status of 
GluN2B-Ser1303 was studied using Western blots in the presence of various phosphatase inhibitors. 
Finally, the interaction of phosphatase with GluN2B was studied using immunostaining and co-
immunoprecipitation analysis.

Results: The results show that under excitotoxic conditions, there is a reduction in the phosphorylation 
of GluN2B-Ser1303, and protein phosphatase 1 (PP1) was the phosphatase responsible. PPI was 
found to interact with the receptor. 

Conclusion: This study reports for the first time the regulation of phosphorylation at GluN2B-
Ser1303 in vitro under excitotoxic conditions, which PP1 mediates. This site could be a potential drug 
target for designing novel compounds which could exacerbate excitotoxicity. 
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Introduction

he excitatory neurotransmission in the 
mammalian brain is crucial for neuronal 
development, differentiation, migration, 
and survival [1]. The major neurotrans-
mitter involved in excitatory neurotrans-

mission is glutamate. It is also the major neurotransmit-
ter in the mammalian brain. Glutamate plays a critical 
role in synaptic plasticity, a foundation for learning and 
memory processes. However, excessively elevated lev-
els of glutamate are fatal, acting as a potential neurotoxin 
and causing excitotoxicity with damage to neurons, in-
jury, and cell death [2]. Ionotropic receptors represent 
the main receptors of glutamate, functioning as ligand-
gated channels and opening upon binding to the major 
glutamate ligand. The major ionotropic receptors are 
N-methyl-D-aspartate receptors (NMDARs), which 
play vital roles in the brain’s excitatory synaptic trans-
mission, like plasticity and excitotoxicity [3]. NMDARs 
exhibit a unique characteristic known as Mg2+ block at 
the opening of the channel. Two events are required for 
the opening of NMDARs: The binding of glutamate and 
strong membrane depolarization due to excitation, lead-
ing to the removal of the Mg2+ block [4]. NMDAR is a 
heterotetramer comprising a combination of any of the 
major seven subunits: One GluN1, four GluN2(A-D), 
and two GluN3(A, B) [5], with GluN1 being obligatory. 
The subunits GluN2A and GluN2B are enriched in the 
forebrain [6]. In the adult rat brain, the GluN2B subunit 
is expressed at the highest levels in the brain regions like 
the hippocampus, olfactory tubercle and bulb, and cere-
bral cortex [7]. This elevated expression is attributed to 
its primary role in mediating plasticity and excitotoxic-
ity. Additionally, GluN2B expression level is predomi-

nant in prenatal rodents, peaking around 14 days after 
birth and continuously decreasing after that. 

GluN2B undergoes phosphorylation at Ser1303 by ki-
nases like CaMKII and DAPK1. These kinases bind 
to the phosphorylation site and affect synaptic plastic-
ity [8]. GluN2B is also involved in the progress and 
pathophysiology of neurodegenerative disorders like Al-
zheimer disease, Parkinson disease, ischemic stroke, etc 
[9]. GluN2B-Ser1303 phosphorylation is also associated 
with the modulation of chronic neuropathic pain [10]. 
The functions of NMDAR, including its channel proper-
ties, binding of kinases like CaMKII or DAPK1, and its 
trafficking in the synaptic and extrasynaptic sites, can be 
regulated by phosphorylation [11]. Although the signifi-
cance of phosphorylation of Ser1303 on GluN2B has been 
explored in some conditions, little is known about its 
regulation or dephosphorylation by protein phosphatases 
[12]. Preliminary studies have shown that phosphatases 
like protein phosphatase 1 (PP1) in postsynaptic den-
sity (PSD) preparations could act on phospho-GluN2B-
Ser1303 and dephosphorylate the same [13]. Thus, this 
site could be a potential target for phosphatase action to 
regulate phosphorylation.

We further wanted to investigate the regulation of 
phosphorylation at GluN2B-Ser1303 under excitotoxic 
conditions. To investigate that, we utilized primary corti-
cal neuronal preparation from embryonic rat brains and 
exposed them to glutamate treatment in the presence and 
absence of various phosphatase inhibitors. 

T

Highlights 

• Primary cortical neurons possess the GluN2B receptor, which gets phosphorylated at Ser1303.

• Excitotoxic conditions result in diminished GluN2B-Ser1303 phosphorylation.

• The excitotoxic conditions lead to cell death.

• Protein phosphatase 1 mainly mediates the reduction in phosphorylation.

• This reduction is mediated through N-methyl-D-aspartate receptors as the open channel inhibitor reverse the phos-
phorylation.

• Protein phosphatase 1 interacts with the receptor subunit, GluN2B.
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Materials and Methods

All cell culture media and chemicals were procured 
from GIBCO-Invitrogen, USA. The antibodies for 
Western blot, protein A agarose beads, Poly-D-lysine, 
and laminin were procured from Sigma-Aldrich, USA. 
Phosphatase inhibitors were purchased from Calbio-
chem, USA, whereas cyclosporin and MK-801 were 
from Sigma-Aldrich, USA. The antibody for GluN2B- 
Ser1303 was purchased from Millipore, USA.

Primary cortical neurons preparation from E18 rat 
embryos

The cortical neurons’ primary culture was prepared 
from embryos aged 18 days (E18) from pregnant rats. 
The animal experiments were carried out according to 
guidelines recommended by the institutional animal eth-
ics committee. The mother rat was euthanized, her abdo-
men was cut open, and E18 embryos were procured. Af-
ter decapitating embryos, the meninges were removed, 
and the cortex was isolated. The cortical tissues were 
minced gently in Hanks balanced salt solution. Tissue 
dissociation was carried out by adding 0.25% Trypsin-
EDTA and 20 μL DNase I (4000 U/mL) for 10 minutes 
at 37oC with intermittent tapping. Trypsin was inactivat-
ed by adding 500 µL of fetal bovine serum (FBS) and 
5 mL Dulbecco’s modified Eagle’s medium (DMEM). 
The pelleted tissue was centrifuged at 1800 rpm for 5 
minutes, and the supernatant was removed by aspira-
tion. The tissue was again washed with 5 mL DMEM. 
Next, the tissue was subjected to trituration by pipetting 
about 50 times by adding 100 µL of DNase in 1 mL 
DMEM to make a single-cell suspension. The cells were 
pelleted by centrifugation at 1800 rpm for 5 minutes. 
The supernatant was removed, and the cells were resus-
pended in 1-2 mL of reconstituted neurobasal medium 
NBM supplemented with 1X antibiotic/antimycotic 
solution, and B27 supplement). The cells were counted 
using a hemocytometer and were plated in either 24- or 
6-well plates precoated with poly-D-lysine (100 μg/mL) 
and laminin (100 μg/mL).

Treatment of primary cortical neurons with gluta-
mate for induction of excitotoxicity

The primary cortical neuronal preparation from E18 
rat embryos was seeded in 6-well plates. On the ninth 
day in vitro (DIV 9), these were treated with glutamate 
for excitotoxicity induction as described in the Remya et 
al. (2021) [14] study with slight modifications. The cells 
were washed with solution I (Hanks’ balanced salt solu-
tion [HBSS], 10 mM N-2-hydroxyethylpiperazine-N’-

2-ethanesulfonic acid [HEPES], and 0.2 mM ethylene 
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic 
acid [EGTA]) for 10 minutes, followed by washing with 
solution II (HBSS, 10 mM HEPES). Subsequently, the 
cells were treated with 100 μM glutamate and 10 μM 
glycine for about 60 minutes, supplemented with 1.2 
mM CaCl2 (solution III). The various phosphatase inhib-
itors were also preincubated for 10 minutes along with 
solution II and given along with glutamate treatment in 
solution III. The phosphatase inhibitors used were I-2 at 
10 nM and okadaic acid (OA) at 1 µM for inhibiting PP1, 
as well as OA at a concentration of 1 nM, I1

PP2A at 2 nM 
for inhibiting PP2A, and cyclosporin (CsA) at a concen-
tration of 1 µM for inhibiting PP2B. MK-801 is the open 
channel blocker of NMDAR and was used at a concen-
tration of 20 µM. After the treatment, the cells were har-
vested in 1 mL of 1X phosphate-buffered saline (PBS). 
The cells were lysed in radioimmunoprecipitation assay 
buffer (RIPA buffer - 50 mM Tris-HCl, 150 mM NaCl, 
1% NP-40, 0.5% deoxycholate, 0.1% SDS), and proteins 
were identified using BCA method. The cortical cell ly-
sate was subjected to Western blotting to detect phospho-
GluN2B-Ser1303 and GluN2B levels [14].

Hoechst staining of glutamate treated primary 
cortical cells to check for excitotoxic neuronal 
death

Primary cortical neurons were treated with glutamate, 
as mentioned earlier. After the treatment, glutamate was 
removed, and normal NBM was added to the wells, 
maintained at 37oC for 24 hours. After 24 hours, the me-
dium was removed, and the cells were fixed with 4% 
paraformaldehyde. The cells were washed with 1X PBS, 
stained with 5 µg/mL Hoechst for 10 minutes, then the 
Hoechst stain was removed, and 1X PBS was added, 
and proceeded for imaging at 280 nm. The cells were 
examined for condensed nuclei, indicating dead cells, 
whereas healthy cells exhibited viable nuclei without 
morphological condensation. This experiment was done 
to check if the glutamate treatment at the given concen-
tration can induce excitotoxicity and cell death in pri-
mary neurons. 

Characterization of primary cortical neurons and 
immunofluorescence to check for the co-localiza-
tion of PP1α with GluN2B in primary neurons

Primary neuronal cells isolated from E18 embryos 
were seeded on coverslips in a 24-well plate. The ex-
periments to check the co-localization of GluN2B with 
PP1α were done on DIV 7. For immunocytochemistry, 
the cells were fixed with 250 μL of 4% paraformalde-
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hyde at room temperature for 20 minutes after removing 
the medium, followed by a wash with 1X PBS. The cells 
were then washed thrice with 1X PBS. Next, 200 μL of 
blocking solution (0.3% Triton-X-100 in 5% normal goat 
serum (NGS) in 1X PBS) was added to cells, and the 
mixture was incubated at room temperature for 30 min-
utes. Following this, the primary antibody diluted in the 
corresponding blocking solution was added at a concen-
tration of 1:100. This solution was incubated overnight 
at 4oC. After incubation, the cells were washed with 1X 
PBS thrice, and the secondary antibody was added. 

For the GluN2B primary antibody, the corresponding 
secondary antibody used for immunofluorescence was 
a sheep anti-rabbit antibody conjugated with Cy3. Fol-
lowing removing the secondary antibody, the cells were 
washed thoroughly with 1X PBS, and then the mouse 
anti-PP1α antibody was added and incubated overnight. 
The secondary antibody used for immunofluorescence 
for the mouse anti-PP1α primary antibody was a goat 
anti-mouse antibody conjugated with Alexa 488. The 
images were taken with a confocal microscope.

Preparation of rat forebrain cortex homogenate 
for co-immunoprecipitation

The homogenate used for co-immunoprecipitation ex-
periments was prepared from the rat forebrain cortex. 
The forebrains were homogenized in an ice-cold solu-
tion containing 320 mM sucrose and 10 mM Tris-HCl 
(pH-7.4), 1 mM EDTA, 1 mM EGTA, and 1X PIC with 
12 strokes at 800 rpm. The large cell fragments were re-
moved by centrifuging at 5000 rpm for about 2-3 min-
utes. Then, the membrane fraction was sedimented at 
50000 rpm at 4oC for about 30 minutes. The obtained 
membrane fractions were solubilized with 1% deoxy-
cholate in 50 mM Tris-HCl (pH-7.4), 10 mM EDTA, 
and 10 mM EGTA for about 20 minutes on ice at the 
rate of 10 mL solution per gram of rat brain. The solubi-
lized membrane fractions were obtained in the superna-
tant and were used directly for immunoprecipitation or 
stored at -80oC as aliquots.

Co-immunoprecipitation

50 μL of protein A agarose beads were washed thrice 
in 1 mL 1X ice-cold PBS. These beads were subjected to 
blocking in 1% BSA for about 1 h at 4oC with constant 
agitation at 8 rpm. After removing the blocking solu-
tion, about 6 µg of anti-rabbit polyclonal antibody in 1 
mL 1 X PBS was added to the beads. Correspondingly, 
anti-rabbit non-immune IgG as a negative control was 
also subjected to the same treatment. The antibody bead 

complex was allowed to form at about 7 h in agitation at 
4oC. The previously prepared homogenate was subjected 
to preclearance before proceeding to immunoprecipita-
tion. About 500 µL of homogenate was mixed with 50 
µL of protein A agarose beads with agitation at 4oC for 
about an hour. This is done to remove the non-specific 
binding of homogenate to beads, if any. After 1 h, the 
mixture was centrifugated at 2000 rpm for 5 minutes, 
and the supernatant collected was subjected to immuno-
precipitation. The antibody bead complex was subjected 
to washes with 500 µL 1X PBS, thrice by centrifuging at 
2000 rpm for 4 minutes each, to remove the unbound an-
tibody, if any. About 500 µL of precleared homogenate 
is added, followed by incubation for about 12-15 hours 
at 4oC with constant agitation. After this, the supernatant 
consisting of unbound proteins and the immunoprecipi-
tated complex bound to the beads was subjected to wash-
es with 500 µL 1X PBS with 0.1% Triton X 100 thrice, 
and the last wash was given without any detergent. The 
immunoprecipitants were denatured by boiling an equal 
amount of 2X SDS sample buffer and proceeded for 
Western blotting.

Statistical analysis

The significance of immunoblots was quantitated by 
one-way ANOVA followed by Scheffe’s post hoc analysis.

Results

Phosphorylation status of GluN2B-Ser1303 in corti-
cal neurons upon glutamate treatment

The primary cortical neurons exposed to 100 µM glu-
tamate for 60 minutes exhibited a reduction in GluN2B-
Ser1303 phosphorylation, observed at about 50%, as 
revealed by Western blots. PP1 seems to be the main me-
diator of this effect, as evidenced by the effective preven-
tion of dephosphorylation at GluN2B-Ser1303 when PP1 
was inhibited by I-2 or OA at high concentration (1 µM) 
(Figure 1a and 1b). Treatment with MK801, an NMDAR 
channel blocker, also prevented the dephosphorylation, 
showing that the effect is mediated through NMDARs. 
Thus, glutamate treatment significantly changed the 
dephosphorylation of GluN2B-Ser1303, as evidenced by 
both PP1 inhibitor and MK801. When other phosphatase 
inhibitors were used, there was no significant change in 
phosphorylation levels of GluN2B at Ser1303. Notably, 
OA at 1 µM concentration reverses the dephosphoryla-
tion by blocking PP1. In contrast, other inhibitors like 
CsA, OA at 1 nM concentration, I-1, and others did not 
affect the dephosphorylation, indicating that the princi-
pal phosphatase involved in dephosphorylation at Ser1303 
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Figure 1a. The phosphorylation status of GluN2B-Ser1303 in primary cortical neurons upon glutamate treatment in the presence 
of phosphatase inhibitor of PP1, I-2

Lane: 1) Control, Lanes 2-4) Treatment with 100 µM glutamate for 60 minutes with or without inhibitors: Lane 2) No inhibitor, 
Lane 3) I-2, Lane 4) MK-801 (20 µM). 

The quantitation of the blots is shown in the graph expressed as a percentage of control. 

*P<0.01 obtained by Scheffe’s post hoc after ANOVA compared to the other three lanes. 

PP1: Protein phosphatase 1; ANOVA: Analysis of variance.

Figure 1b. The Western blots of phosphorylation status of GluN2B-Ser1303 in primary cortical neurons upon glutamate treat-
ment in presence of various phosphatase inhibitors 

Lane 1) Control, Lane 2-8) Treatment with 100 uM glutamate for 60 minutes with or without various phosphatase inhibitors: 2) 
No inhibitor, 3) CsA (1 µM), 4) OA (1 µM), 5) I-2 (10 nM), 6) I1

PP2A (2 nM), 7) OA (1 nM), 8) MK-801 (20 µM)

The blots of total GluN2B level are shown upon glutamate treatment with or without inhibitors, as mentioned, and the blots 
of β-actin.

CsA: Cyclosporin; OA: Okadaic acid.
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is PP1. There was no change in the level of GluN2B, 
indicating that the glutamate treatment results only in 
the shift of phosphorylation status at Ser1303 and does 
not affect the total protein at the receptor level. Staining 
with Hoechst after 24-h post-treatment of glutamate 100 
µM for 60 minutes revealed the presence of dead neu-
rons in conditions where glutamate was given to cells, 
whereas the control and MK 801-treated cells showed 
no significant death (Figure 2). This outcome indicates 
that glutamate treatment at the given concentration was 
excitotoxic.

Co-localization of PP1 and PP2A with GluN2B in 
primary cortical neurons

The cortical neurons were stained for the proteins 
GluN2B and PP1. Immunocytochemical staining 
showed co-localization of PP1 with GluN2B in primary 
cortical neurons (Figure 3), indicating that PP1 could ac-
cess the phosphorylation site. 

Immunoprecipitation of PP1 But Not PP2A using 
GluN2B antibody

Immunoprecipitation studies were conducted to study 
whether PP1 and PP2A would interact with GluN2B in 
rat brain homogenate. Deoxycholate-solubilized homog-

enate was immunoprecipitated with rabbit polyclonal 
GluN2B antibody, previously bound to protein-A-aga-
rose beads. Immunoprecipitation with GluN2B antibody 
resulted in the co-precipitation of only PP1, not PP2A 
(Figure 4). As a control, a non-immune IgG was used in 
the immunoprecipitation. GluN2B, PP1, and PP2A were 
detected by Western blotting using respective antibodies. 
The immunoprecipitation with GluN2B antibody showed 
reactivity with PP1 but not PP2A. The immunoreactivity 
band for all the proteins is absent in the control lane.

Discussion

Phosphorylation, as a post translational mechanism, in-
duces covalent changes in the properties of a protein [15], 
thereby regulating the cellular processes such as activity, 
localization, and mobility of proteins, especially recep-
tors. Regarding GluN2B, calcium influx through either 
NMDAR or voltage gate calcium channels activates the 
phosphorylation at Ser1303 [16]. Still, the mechanism of 
dephosphorylation has remained unclear in vitro or in 
vivo except for a study suggesting that overexpression 
of PP1 in hippocampal neurons may inhibit NMDAR 
activation, a possible pathway for neuroprotection [17].

Figure 2. Hoechst staining of cortical neurons

A) Control having live cells, B) Dead cells upon glutamate treatment, C) Live cells upon MK801 treatment

Note: The cells were treated with glutamate in images B and C.
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Figure 3. The co-localization of GluN2B and PP1α in primary cortical neurons

1) Primary neurons immune-stained with mouse anti-PP1α and anti-mouse IgG conjugated to alexa 488 secondary antibody, 2) 
Neurons stained with rabbit anti-GluN2B and anti-rabbit IgG conjugated to Cy3, 3) Colocalization of PP1α and GluN2B upon 
merging, 4) Neurons viewed under phase contrast

Figure 4. Co-immunoprecipitation of PP1, but not PP2A with GluN2B in rat brain homogenate (panel shows PP1 being coim-
munoprecipitated with GluN2B) 

Lane 1) Prestained protein marker, 2) Non-immune IgG acting as a negative control, 3) Co-IP, 4) Rat brain homogenate, the 
upper lanes show GluN2B and the lower lanes show PP1.

PP1: Protein phosphatase 1.
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Our previous studies have shown that phosphorylation 
of GluN2B-Ser1303 is regulated by phosphatases in PSD, 
especially by PP1 [13]. The current research shows that 
PP1 is the principal phosphatase responsible for the reg-
ulation of phosphorylation at GluN2B-Ser1303 in primary 
cortical neurons under excitotoxic conditions, consistent 
with our observations in the case of PSD. Inhibition of 
calcium entry via NMDAR results in the survival of neu-
rons, indicating that the cell death is mediated by gluta-
mate treatment at a concentration of 100 µM. Therefore, 
reduction in phosphorylation at GluN2B-Ser1303 could be 
an outcome of the excitotoxic event, resembling obser-
vations of GluN2B-Ser1303 phosphorylation reduction in 
patients with depression-like disorders showing a modu-
lation of glutamatergic transmission [18]. 

Importantly, no change is observed in the total recep-
tor levels, GluN2B, during glutamate treatment; only 
changes in phosphorylation levels at the Ser1303 site, as 
indicated by Western blots. This alteration in phosphory-
lation is inhibited only when inhibitors of PP1, such as 
okadaic acid at high concentration and I-2, are used, in-
dicating that the principal phosphatase involved in phos-
phorylation of Ser1303 is PP1, but not other phosphatases 
like PP2A or PP2B. Compared to other Ser-Thr phos-
phatases, PP1 might have access to phosphorylation at 
GluN2B-Ser1303 as it is colocalized with the latter, as seen 
in in vitro staining and co-immunoprecipitation studies. 
Okadaic acid at 1 nM, used to inhibit PP2A, showed 
a slightly enhanced inhibition of phosphorylation at 
GluN2B- Ser1303, possibly inhibiting PP1 to some extent. 
However, the specific inhibitor of PP2A, I1

PP2A, failed to 
reverse dephosphorylation, indicating that PP2A is not 
involved in the dephosphorylation of GluN2B- Ser1303. 
Further, in vivo, studies need to be carried out to vali-
date the observations found in these studies and previous 
studies, which show that PP1 is responsible for regulat-
ing the phosphorylation of GluN2B-Ser1303 in both PSD 
and primary neurons in vitro. 

Conclusion

Our study focussed on the effect of glutamate treatment 
on cortical neurons isolated from embryonic rat brains, 
primarily excitatory. Activating these primary neurons 
in vitro with 100 µM glutamate for 60 minutes resulted 
in excitotoxicity as visualized by cell death by Hoechst 
staining and a significant reduction in GluN2B-Ser1303 
phosphorylation. Using phosphatase inhibitors like I-2, 
we showed that PP1 regulated the reduction of GluN2B-
Ser1303 phosphorylation in primary cortical neurons upon 
glutamate treatment, indicating its major phosphatase 
involved in the regulation of the latter under excitotoxic 

conditions, with no discernible role for other phospha-
tases. This study lays the groundwork for future in vivo 
experiments to explore the regulation of phosphoryla-
tion at the GluN2B receptor, especially at the Ser1303 
site, which PP1 regulates. The identified site could be a 
possible drug target for inhibiting excitotoxicity. Further 
studies need to be conducted in search of novel inhibi-
tors of this target and their potential roles in mitigating 
the excitotoxicity induced by glutamate.
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