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Abstract

The NMDA receptor (NMDAR)-stimulated autophosphorylation of calmodulin-dependent kinase
lla (CaMKIlla) at Thr286 may regulate many aspects of neuroplasticity. Here, we show that low
NMDA concentration (20 M) up-regulated Thr286 phosphorylation, and high concentration (100
M) caused dephosphorylation. We next modulated the strength of NMDAR activation by
manipulating NR2A and NR2B, which represent the major NMDAR subtypes in forebrain
regions. Pharmacological inhibition and molecular knockdown of NR2A or NR2B blocked 20 uM
NMDA-induced phosphorylation. Conversely, overexpression of NR2A or NR2B enhanced
phosphorylation by 20 .M NMDA. The 100 oM NMDA-induced dephosphorylation was
suppressed by inhibition or knockdown of NR2A or NR2B, and enhanced by overexpression of
NR2A or NR2B. Compared to NR2A, NR2B showed a higher impact on the NMDA-stimulated
bi-directional regulation of Thr286 phosphorylation. We further found that activation of NR2A
and NR2B by 100 .M NMDA induced dephosphorylation through protein phosphatases (PP) that
are inhibited by high concentration okadaic acid (1 M) but not by PP2A and PP2B inhibitors.
This novel function of NMDAR in dynamic regulation of CaMKIlla activity provides new
evidence to support the current understanding that, depending on the degree of activation,
NMDAR may lead to different and even opposing effects on intracellular signaling.
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Introduction

Cellular signaling pathways triggered by activity-dependent increase of intracellular Ca*
represent a major regulatory mechanism for many aspects of neuronal function. To achieve
long-term modification of neuronal property, the effects of transient Ca?* elevation need to
be converted to a more persistent signaling activation. Studies on the regulation of Ca2*/
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calmodulin (CaM)-dependent kinase Il alpha (CaMKIlla), which is a primary isoform of
CaMKII and is abundant in the forebrain regions, have suggested the function of
autophosphorylation to maintain its persistent activation (Wayman et al. 2008). When Ca2*/
CaM binds CaMKIlla, intramolecular autophosphorylation occurs. CaMKlla with
phosphorylation at Thr286 confers significantly higher affinity to Ca2*/CaM (Meyer et al.
1992), thus preventing dissociation after the concentration of intracellular CaZ* drops to the
basal level. Further, the phosphorylated CaMKIlla remains at least partially active even in
the absence of CaM (Coultrap et al. 2010).

The N-methyl-D-aspartate receptors (NMDARS) are the main excitatory neurotransmitter
receptors to mediate Ca2* influx during neuronal activation. It has been reported that the
phosphorylation of CaMKIla at Thr286 elevates significantly after the induction of
NMDAR-dependent long-term potentiation (LTP) (Fukunaga et al. 1996). Treatment of
hippocampal slices (Fukunaga et al. 1996) or cultured neurons (Dosemeci et al. 2002) with
NMDA also significantly up-regulates Thr286 phosphorylation. Because mice carrying
CaMKIlla mutation at 286 (i.e. Ala substitution for Thr) show impaired LTP and deficits in
NMDAR-dependent spatial memory formation (Giese et al. 1998), and the
autophosphorylation at Thr286 appears to be required for the induction but not for the
maintenance of LTP (Buard et al. 2010; Lee et al. 2009). Although these lines of evidence
suggest that NMDAR-mediated Ca2* influx is sufficient to trigger Thr286 phosphorylation,
it is not clear whether Thr286 phosphorylation responds differently to different strength of
NMDAR activation.

Appropriate activation of NMDAR is required to turn on Ca2*-sensitive signal transduction
pathways, and further regulates numerous brain functions, including synaptic plasticity,
learning and memory, neuronal survival, and neural development. Intriguingly,
hyperactivation of NMDAR can shut off certain Ca2*-sensitive signaling (Hardingham and
Bading 2003). The aim of the present study is to investigate whether different strength of
NMDAR activation differentially regulates CaMKlla phosphorylation at Thr286. We
identified that NMDAR activation may bi-directionally regulate Thr286 phosphorylation.
We further determined the role of NR2A and NR2B, which are components of the major
NMDAR subtypes in forebrain.

Materials and methods

Animals

Sprague Dawley rat pups (both male and female) on postnatal day 0 from the breeding
colonies (purchased from Charles River) were used to obtain cortices for primary neuronal
culture. The surgery procedure was approved by the Institutional Animal Care and Use
Committee at Michigan State University.

Cell culture of cortical neurons

After dissection, cortical tissues were chopped into pieces of about 1 mm3, and digested
with 10 units/ml papain (Worthington, Freehold, NJ) and 100 units/ml DNase | (Roche) in
dissociation buffer (82 mM NaySOg4, 30 mM K5SQy, 5.8 MM MgCl,, 0.25 mM CaCl,, 20
mM glucose, 0.001% phenol red, 0.45 mg/ml cysteine, and 1.5 mM HEPES, pH 7.6) at
37°C for 30—40 min. The digestion reaction was gently shaken once every 10 min. Then, the
digestion was washed twice with dissociation buffer and triturated with Neurobasal A
medium (Invitrogen, Carlshad, CA). The cells were seeded on poly-D-lysine (50 pg/ml,
Sigma, St. Louis, MO)-coated plates at a density of about 200,000 cells/cm2. One hour after
plating, Neurobasal A was replaced with growth media including Neurobasal A, B27
supplement (Invitrogen), 100 units/ml penicillin, 0.1 mg/ml streptomycin, and 0.5 mM
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glutamine. One-third of the medium was replenished once every 3 days during the culturing
of neurons. Cultures were used between 14 and 16 DIV (days in vitro).

Neuronal stimulation

To induce Ca?* influx through NMDAR, we treated 14-16 DIV neurons with NMDA (at 20,
or 50 or 100 M, as indicated) or glutamate (20, or 50 or 100 nM, as indicated). The
NMDAR co-agonist glycine (0.4 mM) is present in the culture media, which also contain 1.8
mM CaCl, and 0.8 mM MgCl,. Nifedipine (5 uM, Sigma) and CNQX (40 nM, Sigma)
were co-applied to block L-type voltage-gated calcium channels (L-VGCC) and non-NMDA
type glutamate receptors, respectively. Before NMDA stimulation, neurons were pre-treated
with TTX (1 M, Sigma) for 30 min to block spontaneous synaptic activity. The agonists or
antagonists were added directly to the medium, and the neurons were kept in the 5% CO»,
incubator at 37 °C during treatment.

Calcium imaging

The relative intracellular calcium levels were examined by calcium imaging of live neurons.
First, 14-16 DIV neurons growing on coverslips were incubated with the cell permeable
fura-2 acetoxymethyl ester (fura-2-AM, 3 wM) for 30 min, and then the coverslip was
mounted on a Nikon Eclipse TE-2000U inverted microscope. The extracellular fura-2-AM
was then rinsed off by a 30 min perfusion with physiological saline solution (137 mM NaCl,
5 mM KCI, 1 mM MgCl,, 3 mM CaCl, 10 mM HEPES, 25 mM Glucose) at 32-34°C. The
fluorescent intensity (fura-2 emission at 520 nm) was measured at two excitation
wavelengths (340 nm and 380 nm, respectively). The ratio of fura-2 emission at 340 nm to
that at 380 nm was used to determine the relative calcium level. The Imaging software
Metamorph/Metafluor was used for data acquisition and analyses. Multiple neurons were
examined during the last 10 min of the 30 min rinse to determine the basal level of calcium.
Then, the same neurons were followed for 10 min after stimulation with NMDA (along with
glycine, nifedipine, and CNQX).

Pharmacological inhibition of NR2A- and NR2B-containing NMDAR

To preferentially block NR2A-containing NMDAR activation, neurons were pre-treated
with the partially selective antagonist NVP-AAMO77 (0.1 M, obtained from Dr. Yves P.
Auberson, Novartis institutes of biomedical research, Switzerland) for 30 min before
NMDA or glutamate stimulation. To block NR2B-containing receptors, Ro 25-6981 (0.5
KM, Sigma) or ifenprodil (3 wM, Sigma) was applied 30 min before NMDA or glutamate.

Inhibition of protein phosphatases (PPs)

A 10 min pre-incubation with cantharidin (100 nM, Calbiochem) or okadaic acid (10 nM,
Calbiochem) was used to block protein phosphatase 2A (PP2A). We used FK506 (1 nM,
Sigma) or cyclosporin A (5 uM, Calbiochem) to inhibit PP2B (also called calcineurin). A 10
min pre-incubation with 1 wM okadaic acid was used to block PP1, and possibly other PPs
(including PP2, PP4, PP5, and PP6) (Honkanen and Golden 2002).

Western blot analysis

After stimulation, neurons from each well of the 12-well plate were extracted with 60 pl
SDS sample buffer (62.5 mM Tris-HCI buffer pH 6.8, 10% glycerol, 2% sodium
dodecylsulfate, 0.01% bromophenol blue, and 5% mercaptoethanol), and heated at 95°C for
10 min. The extracts were separated by 10% SDS-PAGE (Invitrogen), and transferred to
nitrocellulose membranes (Pierce). The membranes were washed with PBS-T (PBS, 0.1%
Triton X-100) three times at room temperature, and then incubated with primary antibodies
against phospho-CaMKIllaat Thr286 (1:1000, Millipore) and total CaMKIlla (1:1000,
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Millipore) in PBS-T overnight at 4°C. After extensive washing and incubation with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse antibodies (1:5000,
Pierce, Rockford, IL), the signals were visualized by chemiluminescence methods
(SuperSignal® West Pico, Pierce, Rockford, IL). For normalization purpose, the membranes
were re-probed with antibodies against f-actin (1:10,000, Sigma, St. Louis, MO). Several
exposure times were used to obtain signals in the linear range. The bands were quantified
using Scion Image Beta 4.0.2 for Windows XP software (Scion Corp. Frederick, Maryland).

Overexpression and shRNA-mediated knockdown of NR2A and NR2B

To overexpress NR2A or NR2B, neurons were transfected with cDNA construct that
expresses GFP-NR2A or GFP-NR2B (as described in Sanz-Clemente et al. 2010), which
was kindly provided by Dr. Katherine Roche at National Institute of Neurological Disorders
and Stroke. We used shRNA, whose expression was driven by a human H1 promoter, to
knockdown the expression of NR2A and NR2B. Specifically, two shRNAs targeting
GGATAATCTCAGTAACTAT (designated as ShRNA-NR2Aa) or
GCCACAGTGATGTGTATATTT (designated as ShRNA-NR2Ac) were cloned in the
FHUG+W vector for the knockdown of NR2A (Schluter et al. 2006). Two shRNAs targeting
GGATGAGTCCTCCATGTTC [designated as ShRNA-NR2Bm, and described in (Hall et al.
2007)] or GCGCATCATCTCTGAGAATAA (designated as ShRNA-NR2Bi) were cloned in
the FHUG+W vector for the knockdown of NR2B. The effects of these ShRNAs on NR2A
and NR2B expression were examined by Western blot.

For transfection, cortical neurons (12 DIV) were first pre-treated with MK801 (10 M) for
10 min and then washed with fresh Neurobasal A. Next, neurons were transfected with 1 g
plasmid (for each well in the 12-well plate) for 6 hrs using the lipofectamine method
(Invitrogen) according to the manufacturer's manual, and then the media were replaced with
the mixture of 50% fresh media and 50% conditioned media. For the knockdown
experiments, GFP plasmid (0.5 pg) and shRNA-NR2A (0.5 pg) or ShRNA-NR2B (0.5 .g)
construct were mixed and co-transfected. The effects of overexpression or knockdown of
NR2 on NMDA-stimulated phosphorylation of CaMKIlla at Thr286 were examined 96
hours after the transfection (i.e. on 16 DIV).

Immunocytochemistry

After NMDA treatment, neuronal cultures were fixed with 4% paraformaldehyde/4%
sucrose in PBS for 10 min at room temperature, and then washed 3 times with PBS. To
reduce non-specific binding of the primary antibody, the samples were blocked 1 hr with 5%
normal goat serum (Invitrogen) in PBS (containing 0.1% Triton-X), and washed 3 times
with PBS. Next, the samples were incubated with primary antibody against phospho-
CaMKlIla at Thr286 (1:1000) overnight. The secondary antibody (Alexa Fluor 594-
conjugated goat anti-rabbit 1gG, 1:1000, Invitrogen) was incubated at room temperature for
1 hr. To obtain GFP signal, Alexa Fluor 488-conjugate anti-GFP (1:1000, Invitrogen) was
subsequently incubated for 1 hr. For some experiments, DAPI (1 pg/ml) was added to stain
the nuclei of neurons. Cells were imaged on a Nikon fluorescence microscope.
Quantification was performed by analyzing the fluorescence intensity of phospho-CaMKlla
at Thr286 using Image J and presented as average + SEM.

Data analysis

The results were analyzed among groups using ANOVA followed by the post hoc Student—
Newman—Keuls procedure for multiple comparisons. Student's paired t-test was used to
assess significance for data between two groups. All quantification data are expressed as
average + SEM. Differences with p-values less than 0.05 were considered statistically
significant.
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Results

Bi-directional regulation of Thr286 phosphorylation by NMDAR activation

Previous studies show that NMDAR activation may lead to opposite effects on intracellular
signaling (Chandler et al. 2001; Waxman and Lynch 2005). Because it has been implicated
that prolonged activation of CaMKIlla. through phosphorylation at Thr286 is mediated by
NMDAR, we examined changes in the phosphorylation of CaMKIlla at Thr286 by NMDA
at different concentrations in primary cortical neuronal cultures. The level of extracellular
Ca?* and Mg?* is at 1.8 mM and 0.8 mM, respectively (also see information in the Method).
To eliminate the contributions of non-NMDA type glutamate receptors and L-VGCC as well
as spontaneous electrical activity, cultures were pre-treated with CNQX/Nifedipine/TTX for
30 min before a 15 min exposure to NMDA (the NMDAR co-agonist glycine is already
present in the Neurobasal A culture media at 0.4 mM). At lower concentration (20 pM),
NMDA significantly elevated phosphorylation of CaMKIla at Thr286 (Fig. 1A). In contrast,
at higher concentrations (50 M and 100 M), NMDA failed to stimulate phosphorylation.
Density analysis from multiple samples showed that 50 .M and 100 .M NMDA caused a
significant dephosphorylation at Thr286 (Fig. 1A). Further, low concentration of NMDA (at
20 iM) resulted in a rapid phosphorylation at 5 min, as well as long-lasting phosphorylation
at 1 h after stimulation (Fig. 1B). Following stimulation with 100 £M NMDA, significant
Thr286 dephosphorylation was observed at 5 min, 15 min, and 1 h (Fig. 1C). These data, for
the first time, showed that NMDA might bi-directionally regulate CaMKIlla activity through
phosphorylation at Thr286.

To rule out the possibility that high NMDA concentration may have refractory effects on
NMDAR-mediated Ca?* influx, we determined the changes of intracellular Ca?* by calcium
imaging. As shown in Fig. 2A, 20 oM NMDA caused significant elevation of intracellular
Ca®* level. More increase of intracellular Ca2* was triggered by 100 uM NMDA (Fig. 2B
and 2C). These data demonstrate that Thr286 phosphorylation does not correlate with the
level of NMDAR-mediated CaZ* influx, and are consistent with the notion that
overactivation of NMDAR may cause deactivation of certain plasticity-related signaling.

Function of NR2A- and NR2B-containing NMDAR in CaMKlla phosphorylation

Previous studies have suggested that, as the major NR2 subtypes, both NR2A and NR2B are
involved in regulating activity-dependent synaptic changes and calcium-sensitive
intracellular signaling. We sought to determine the contribution of NR2A and NR2B
subunits to the phosphorylation of Thr286 induced by NMDA. It is known that the
expression level of NR2A subunit gradually increases during /7 vitro neuronal development.
The expression level of NR2B subunit declines along with neuronal maturation, but still
remains to be a major component of NMDAR in adult brain (Gambrill and Barria 2011).
Here, we first confirmed by Western blot that there was significant expression of both
NR2A and NR2B on DIV 14 to 16 under our culturing conditions (data not shown). We next
used the partial selective antagonist NVP-AAMO077 (at 0.1 M) to preferentially block
NR2A-containing NMDA receptors (Liu et al. 2004), and found that elevated
phosphorylation at Thr286 by 20 uM NMDA was partially but significantly blocked (Fig.
3A). Further, the stimulation of Thr286 phosphorylation by 20 M NMDA was also
partially blocked by two NR2B inhibitors Ro 25-6981 (Fig. 3A) and ifenprodil (data not
shown). Next, we co-applied NVP-AAMO077 and Ro 25-6981. Because previous report
suggests that there is an inhibitory relationship between NR2A and NR2B subunit-
containing NMDAR (Mallon et al. 2005), we first applied NVP-AAMO77 for 10 min before
NMDA treatment, and then added Ro 25-6981 to the cultures immediately after NMDA
application. We observed that the NMDA-induced CaMKIlla phosphorylation at Thr286
was fully blocked by co-application of the NR2A and NR2B inhibitors (Fig. 3A). Similarly,
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co-application of NVP-AAMO077 and ifenprodil also completely blocked the
phosphorylation (data not shown).

It is known that NMDARs mediate miniature synaptic transmission (Sutton et al. 2006).
Thus, we applied NR2A or NR2B inhibitors alone following pre-treatment with TTX,
CNQX, and nifedipine. As shown in Fig. 3B, NVP-AAMO77 at 0.1 uM, as well as at a
higher concentration (i.e. 0.4 M), significantly inhibited CaMKIla phosphorylation as
compared to the control group. The two NR2B inhibitors (R025-6981 and ifenprodil) also
suppressed basal phosphorylation at Thr286. Collectively, these results demonstrate that
acute pharmacological inhibition of NR2A and NR2B subunits suppresses both basal and
NMDAR-stimulated phosphorylation of CaMKIla at Thr286.

Although NVP-AAMO077 at 0.1 uM preferentially suppresses NR2A-mediated current, it
may also partially block NR2B function (Berberich et al. 2005). Therefore, we further tested
the function of NR2 by molecular manipulation to control the expression level of NR2A and
NR2B. First, we expressed short hairpin RNA that targets NR2A or NR2B. We designed
multiple shRNA-expressing constructs for either NR2A or NR2B, and packaged these
constructs into lentivirus and transduced neuronal cultures (Schluter et al. 2006). Among
these constructs, we identified 4 constructs that suppressed up to 90% of the NR2A
expression, and 5 constructs that suppressed up to 90% of the NR2B expression (data not
shown). We used four independent shRNA constructs for the later experiments (i.e.
shRNA-2Aa and shRNA-2Ac to knockdown NR2A, and shRNA-2Bi and shRNA-2Bm to
knockdown NR2B). As shown in Fig. 3C, shRNA-2Aa suppressed the expression of NR2A
but not NR2B or a control gene Mortalin. ShRNA-2Bi suppressed the expression of NR2B
but not NR2A or Mortalin. Similar specific knockdown was observed with shRNA-2Ac and
shRNA-2Bm (data not shown).

We chose to transfect neurons with the sShRNA plasmids rather than lentivirus, so that only
limited neurons would express the shRNA constructs, and the level of Thr286
phosphorylation could be compared to the non-transfected neighbor cells. Co-transfection of
GFP-expressing plasmid with the ShRNA construct allowed us to identify the ShRNA-
expressing neurons. We found that neurons transfected by sShRNA-2Aa or shRNA-2Bi
showed similar basal level of Thr286 phosphorylation to control neurons (Fig. 3D1 and D2).
Expression of sShRNA-2Ac and shRNA-2Bm gave same results (data not shown). This is in
contrast to that acute pharmacological inhibition of NR2A or NR2B decreased the
phosphorylation of CaMKIlla in the absence of NMDA stimulation (as shown in Fig. 3B).
Considering that the examination was done 96 hrs after sShRNA transfection, some
compensatory mechanisms might account for the maintenance of basal CaMKlla
phosphorylation during the long-term knockdown of NR2A/2B expression. However,
consistent with pharmacological inhibition effects, Thr286 phosphorylation stimulated by
low concentration of NMDA (at 20 LM) was apparently suppressed in neurons expressing
shRNA-2Aa or shRNA-2Bi (Fig. 3E1 and E2) as well as sShRNA-2Ac and shRNA-2Bm
(data not shown).

We further examined whether overexpression of NR2A and NR2B facilitates CaMKlla
phosphorylation in neurons stimulated by 20 uM NMDA. We used constructs that express
GFP-NR2A or GFP-NR2B fusion protein to track the transfected cells. These constructs
were previously characterized. The expression of these fusion proteins shows channel
activity equivalent to the native proteins (Sanz-Clemente et al. 2010). We found that
overexpression of NR2A or NR2B subunits did not affect the basal level of CaMKlla
phosphorylation (Fig. 4A1 and A2). Interestingly, overexpression of these NR2 subunits
enhanced Thr286 phosphorylation in NMDA-stimulated neurons (Fig. 4B1 and B2). Taken
together, these data are consistent with the results from pharmacological inhibition
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experiments, and support that both NR2A and NR2B subunits are required for NMDAR-
mediated up-regulation of CaMKlla phosphorylation at Thr286.

Function of NR2A- and NR2B-containing NMDAR in CaMKlla dephosphorylation

Next, we determined the roles of NR2A and NR2B subunit in CaMKIla dephosphorylation
induced by higher concentration of NMDA (at 100 wM). As shown in Fig. 5A, inhibition of
NR2A (by NVP-AAMO77) or NR2B (by Ro 25-6981) significantly blocked Thr286
dephosphorylation. Another NR2B inhibitor ifenprodil showed similar effects (data not
shown). Interestingly, co-application of NVP-AAMO77 and Ro 25-6981 resulted in more
phosphorylation recovery (Fig. 5A). These results implicate that both NR2A and NR2B
subtypes mediate the inhibitory effects of NMDA on CaMKIlla phosphorylation.
Furthermore, when stimulated by 100 nM NMDA, knockdown of NR2A or NR2B by
shRNA-2Aa or ShRNA2BI, respectively, blocked dephosphorylation at Thr286 (Fig. 5B1
and B2). These results were re-confirmed by using another set of ShRNA expression
constructs (i.e. ShARNA-2Ac and shRNA-2Bm) (data not shown). Conversely,
overexpression of either NR2A or NR2B showed more Thr286 dephosphorylation than the
GFP-expressing neurons after stimulation with 80 uM NMDA (Fig. 6A and 6B). We chose
this NMDA concentration, because 100 .M NMDA stimulation resulted in an undetectable
immunofluorescent reactivity for phosphorylated CaMKiIla.. These results from
pharmacological and molecular approaches support that the major NR2-containing
NMDARSs regulate bi-directional regulation of CaMKIla phosphorylation at Thr286.

Regulation of NMDAR-mediated CaMKIlla dephosphorylation by protein phosphatases

Previous studies indicate that CaMKlla can be dephosphorylated by protein phosphatase 1
(PP1) or PP2A or PP2C (Lisman et al. 2002; Colbran 2004b). We postulated that high
concentration NMDA may trigger inhibitory mechanisms and dephosphorylate Thr286
through these PPs. It appeared that the dephosphorylation (stimulated by 100 uM NMDA)
was not affected by PP2A inhibitor Canthathrin (Fig. 7A). PP2B (also known as calcineurin)
inhibitors FK506 and cyclosporin A also failed to block the dephosphorylation (Fig. 7A, and
data not shown). It has been reported that okadaic acid (OA) at the 10 nM range blocks
PP2A, and 1 M okadaic acid mainly blocks PP1, as well as the not-well-characterized PP4,
PP5, and PP6 (Cohen 1997; Honkanen and Golden 2002). We found that OA at 1 uM (Fig.
7A and 7B), but not 10 nM (Fig. 7B), reversed dephosphorylation to phosphorylation in
neurons treated with 100 uM NMDA. Next, we found that OA potentiated the basal level of
CaMKII phosphorylation (Fig. 7C). Although OA reversed NMDAR-mediated
dephosphorylation, the level of phosphorylation at Thr286 in NMDA/OA-treated neurons
was significantly lower than neurons treated with OA alone (Fig. 7C).

To understand whether NR2A and NR2B are involved in regulating PP activity, we co-
applied different NR2 inhibitors with OA before 100 oM NMDA stimulation. Compared to
neurons pre-treated with OA alone, co-application of the partial selective NR2A inhibitor
NVP-AAMO077 and OA showed similar effects on phosphorylation recovery (Fig. 7D).
Thus, blocking OA-sensitive PPs occluded the effects of NR2A inhibition. Further, pre-
treatment with OA alone or co-application of Ro 25-6981 together with OA showed similar
effects on phosphorylation recovery (Fig. 7D). Similar effects were observed when another
NR2B inhibitor ifenprodil was used (data not shown). These data implicate that activation of
NR2A- or NR2B-containing NMDAR by 100 £M NMDA induced dephosphorylation
through protein phosphatases (PP) that are sensitive to high concentration okadaic acid (i.e.
1uM)
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Regulation of glutamate-induced bi-directional Thr286 phosphorylation by NR2A and

NR2B

Although we have demonstrated that NMDA may cause both phosphorylation and
dephosphorylation at Thr286, it is important to examine the effects of the endogenous
NMDAR ligand. Thus, we stimulated DIV 14 neurons with different concentrations of
glutamate. In the presence of nifedipine and CNQX, the involvement of L-VGCC and non-
NMDA type glutamate receptors are excluded. While glutamate at 20 .M and 50 pM
stimulated Thr286 phosphorylation, 100 wM glutamate caused dephosphorylation (Fig. 8A).
Further, the phosphorylation induced by 20 uM glutamate was partially but significantly
suppressed by either NVP-AAMO077 or Ro 25-6981 (Fig. 8B). Inhibition of NR2A or NR2B
also suppressed dephosphorylation induced by 100 .M glutamate (Fig. 8C).

In summary, NMDAR activation by either NMDA or glutamate may lead to bi-directional
regulation of CaMKlla.,, which depends on both NR2A and NR2B. Further, NR2A and
NR2B do not display distinct function in regulating this specific calcium-sensitive
intracellular signaling. However, it is also important to point out that, quantitatively, NR2B
has a general higher impact on the bi-directional regulation of CaMKIlla than NR2A.

Discussion

Several previous studies have shown that activation of NMDAR can either up-regulate or
down-regulate Ca%*-sensitive signaling molecules, such as ERK1/2, p38 MAPK, and CREB
(Sala et al. 2000; Chandler et al. 2001; Waxman and Lynch 2005). Because the ERK1/2-
CREB signaling cascade is involved in both synaptic plasticity and neuronal survival, it has
been postulated that the bi-directional regulation on these molecules may be related to the
physiological and pathological function of NMDAR (Hardingham and Bading 2003). In this
study, we employed pharmacological and molecular approaches to examine how
autophosphorylation of CaMKIlla at Thr286 responded to direct activation of NMDAR.
Although it has been well documented that Thr286 phosphorylation can be robustly elevated
by both in vitro stimulation (such as high frequency stimulation) (De Koninck and Schulman
1998) and /n vivotraining (such as after passive avoidance training or Pavlovian fear
conditioning) (Rodrigues et al. 2004), it is not known whether NMDAR activation can cause
dephosphorylation. This study revealed that CaMKIla phosphorylation could be bi-
directionally regulated by NMDA. Our finding provides new evidence to support that
NMDAR activation may exert different and even opposing effects on neuronal signaling and
function.

It is well established that appropriate NMDAR activation is required for normal neuronal
modification involved in learning and development. When NMDAR is over activated, such
as implicated in ischemic stroke, the survival signaling is shut off and neurons undergo
programmed cell death (Hardingham and Bading 2003). It has been demonstrated that the
decrease in CaMKII activity associates with excitotoxic glutamate stimulation in neuronal
cultures (Churn et al. 1995). It is interesting that inhibition of CaMKII has been found to
protect stroke-related cell death (Coultrap et al. 2011). Although, in our culturing conditions,
50 .M and 100 .M NMDA caused significant neuronal death (data not shown), previous
reports and our own data suggest that the dephosphorylation of CaMKIla is not directly
related to or caused by NMDA-triggered cell death. First, phosphorylation at Thr286
increases significantly after hypoxia-ischemia (Tang et al. 2004). Second, we found that
NMDA-induced CaMKIla dephosphorylation is blocked by OA, the treatment of which
results in significant cell death (Yi et al. 2009). Further, treating brain slices with OA or
genetic inhibition of PP1 also facilitates cell death in a cellular model of cerebral ischemia
(Hedou et al. 2008).
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What is the functional relevance for NMDAR-mediated CaMKII dephosphorylation? The
majority of the previous investigations demonstrate CaMKII phosphorylation as a
significant downstream event of NMDAR activation. Consistent with its role in LTP and
memory formation, the NMDAR-dependent phosphorylation at Thr286 results in prolonged
activation, and may further regulate ionotropic receptor insertion to the synapses (Lu et al.
2010). Further, the phosphorylated CaMKI| facilitates its physical interaction with NMDAR
subunits NR1, NR2A, and NR2B (Sanhueza et al. 2011; Colbran 20044a; Barria and
Malinow 2005). The interaction further locks CaMKII in an active conformation and also
causes phosphorylation of NR2B (Bayer et al. 2001). Functionally, disruption of the
interaction between CaMKII and NR2B causes deficits in synaptic plasticity and learning
(Halt et al. 2012; Zhou et al. 2007). In this study, we found that 100 uM NMDA stimulation,
which causes NMDAR overactivation, resulted in severe CaMKIlla dephosphorylation.
Theoretically, the dephosphorylation may cause dissociation of CaMKII from NR2, as well
as removal of AMPA receptors from synapses, to counteract NMDAR overactivation.
Interestingly, convulsive seizure causes dephosphorylation at Thr286, which is associated
with CaMKII translocation from the synaptic fraction to soluble fraction (Dong and
Rosenberg 2004). In addition to PP-mediated deactivation of CaMKII, the hyperexcitation-
triggered Ca2* overload may allow Ca%*/CaM binding to a second low affinity site, leading
to the inactivation of the enzyme (Ishida et al. 1994).

NMDAR consists of NR1, NR2, and NR3 subunits with the majority of receptors being
NR1/NR2 assemblies. Among all NR2 subunits, the NR2A and NR2B subunits are
predominant in the forebrain. Recently, several lines of evidence have suggested differential
roles of NR2A-and NR2B-containing NMDAR in determining the direction of synaptic
changes (‘Yashiro and Philpot 2008), and cell death (Liu et al. 2007; von Engelhardt et al.
2007). Earlier reports intriguingly demonstrated that the NMDAR-dependent LTP requires
NR2A, and the NMDAR-dependent LTD requires NR2B (Liu et al. 2004). However,
depending on the experimental setup and brain regions, the deferential function of NR2A
and NR2B in LTP and LTD appears to be more complicated than initially proposed (Yashiro
and Philpot 2008). In this study, we first used pharmacological reagents to preferentially
block NR2A- and NR2B-containing NMDARs. We are aware that there is debate on the
selectivity of NVP-AAMO77. Although earlier studies used 0.4 pM NVP-AAMO77 to block
NR2A (Liu et al. 2004; Liu et al. 2007), some recent work has demonstrated that NVP-
AAMO77 at 0.4 uM also significantly inhibits NR2B-mediated peak current. However, the
NR2B-mediated steady-state current remains fairly intact in the presence of 0.4 .M NVP-
AAMO77 (Weitlauf et al. 2005). In our experimental setup, we assume that the changes in
Thr286 phosphorylation after bath incubation with NMDA are mainly mediated through the
steady-state rather than peak current. Here, we have chosen to use a lower concentration of
NVP-AAMO77. It has been shown that NVP-AAMO77 at 0.1 M preferentially blocks
NR2A rather than NR2B (Berberich et al. 2005). Additionally, NVP-AAMOQ77 further
affected Thr286 phosphorylation when NR2B is blocked by ifenprodil or RO 25-6981 (Fig.
3A, last lane; Fig. 5A last lane). We also investigated the function of NR2A and NR2B by
molecular knockdown and overexpression approaches. Taken together, we found that
NMDAR-dependent phosphorylation at Thr286 required both NR2A and NR2B subtypes.
This is consistent with the more recent observations that both NR2A and NR2B are required
for LTP at synapses of hippocampus, nucleus accumbens, and prefrontal cortex. Consistent
with our data that overexpression of NR2B facilitates Thr286 phosphorylation in neurons
stimulated by 20 uM NMDA, over-expression of NR2B enhanced high frequency
stimulation-induced LTP and hippocampus-dependent memory (Tang et al. 1999). Further
investigation is needed to determine how NR2A and NR2B subunits regulate high frequency
stimulation-induced Thr286 phosphorylation.
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Molecular studies have implicated that the cytoplamic tails of NR2A and NR2B interact
with different intracellular signaling molecules. Hence, they may differentially regulate
NMDA-mediated Ca?* signaling. Kim et al. suggested that NR2B, due to its association
with the synaptic Ras GTPase activating protein SynGAP, inhibits Ras-ERK1/2 activation
(Kim et al. 2005). In contrast, Krapivinsky and colleagues proposed that the association of
NR2B with a Ca2*/calmodulin-dependent Ras-guanine-nucleotide-releasing factor RasGRF1
enables the NMDAR-dependent activation of ERK1/2 (Krapivinsky et al. 2003). The
discrepancy may be due to the differences in the age of the neurons, concentration of
NMDA and the sampling time point. Because the phosphorylation of ERK1/2 can also be bi-
directionally regulated by NMDA (Chandler et al. 2001), it is possible that low
concentration of NMDA stimulation (such as at 20 .M) preferentially favors the association
of NR2B with RasGRF1, and promotes phosphorylation. When stimulated by high
concentration of NMDA (such as at 100 M), the Ca%* overload may cause the association
to switch to SynGAP, and shut off ERK1/2 phosphorylation. In the case of CaMKlla., our
data demonstrated that NR2B and NR2A are both involved in regulating phosphorylation as
well as dephosphorylation at Thr286. Theoretically, the regulation may be mediated by di-
heteromers (NR1/NR2A or NR1/NR2B) or tri-heteromers (NR1/NR2A/NR2B) of
NMDARs. Although Al-Hallag et al. have detected that the diherteromers account for about
two-thirds, and the tri-herteromers account for one-third of the NR2A- and NR2B-
containing receptors in developing hippocampal neurons (Al-Hallaq et al. 2007), a recent
electrophysiology study suggested the tri-heteromers as the prominent functional receptors
in the CA1 neurons (Rauner and Kohr 2011). It is evident that the up-regulation of Thr286
phosphorylation by 20 .M NMDA or glutamate was more sensitive to NR2B inhibition than
NR2A inhibition (Fig. 2A and 3E). Moreover, the dephosphorylation induced by 100 .M
NMDA or glutamate was suppressed to a larger degree by inhibition or knockdown of
NR2B comparing to the inhibition or knockdown of NR2A (Fig. 5). This is possibly due to
their differential physical interaction with CaMKI|I or other signaling molecules, as well as
the different channel property of NR2A- and NR2B-containing receptors. For example,
NR2B binds active CaMKII with a higher affinity than NR2A (Barria and Malinow 2005).
Additionally, NR2B-containing receptors display lower open probability and peak current,
but show slower deactivation and decay time than NR2A-containing receptors (for a review,
see Yashiro and Philpot 2008).

Previous study has implicated that overactivation of NMDAR may result in elevation of PP
activity (Sala et al. 2000). It was further suggested that PP1 activity accounts for NMDA-
induced dephosphorylation of CREB (Sala et al. 2000). It has been shown that PP1 and
PP2A are the major PPs to dephosphorylate CaMKI I at Thr286 (Strack et al. 1997; Lisman
et al. 2002). However, it is important to note that the effects of PP1 or PP2A were examined
with cell extracts (Strack et al. 1997), rather than under the conditions of NMDAR
overactivation. /n vitro examination also shows that recombinant PP2C dephosphorylates
CaMKlla at Thr286/287, however, in the absence of Ca2* (Fukunaga et al. 1993). Although
there is no direct evidence, PP2B may dephosphorylate inhibitor-1 under conditions of high
Ca?* and in turn cause de-inhibition of PP1, leading to dephosphorylation of CaMKlla
(Nguyen et al. 2007). Under our experimental conditions, it appeared that NMDAR-
mediated Thr286 dephosphorylation was not mediated by PP2A and PP2B. Because PP1 is a
major CaZ*-sensitive PP and inhibited by OA, it is highly possible that PP1 significantly
accounts for Thr286 dephosphorylation when NMDARSs are overactivated. Future
experiments should examine how the activity of OA-sensitive PPs (including PP1) responds
to different level of Ca2* and NMDA-stimulated neuronal activation. Interestingly, a study
by Dong and Rosenberg showed that intensive neuronal activity after convulsive seizure
stimulated OA-sensitive PPs, which was accompanied with CaMKIlla dephosphorylation
(Dong and Rosenberg 2004).
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In summary, our data provide new evidence that the plasticity-related CaMKlla
phosphorylation at Thr286 can be either up-regulated or down-regulated by NMDAR
activation. We also show novel functions of NR2A and NR2B, and suggest that they may be
coupled to OA-sensitive PPs during neuronal hyperexcitation.
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Fig. 1.

NMDA-mediated phosphorylation and dephosphorylation of CaMKlla at Thr286 are
concentration-dependent. A. DIV 14 neurons were stimulated by 20 M or 50 .M or 100
M NMDA for 15 min. Cellular extracts were analyzed by Western blot using antibodies
against phospho-CaMKlla (at Thr286), total CaMKIlla andB-actin. B. DIV 14 neurons were
stimulated by 20 .M NMDA for 5 min, 15 min, and 60 min. Phosphorylation of Thr286 was
analyzed by Western blot. C. DIV 14 neurons were stimulated by 100 uM NMDA for 5
min, 15 min, and 60 min. Phosphorylation of Thr286 was analyzed by Western blot. For all
treatment, NMDA was co-applied, TTX, CNQX, and nifedipine (as described in the method
section). The top panels are representative Western blots. The bottom panels are
qualifications of phospho-CaMKIlla at Thr286 from three independent experiments for each
group (normalized to B-actin signal; the CaMKIlla signal is also shown, indicating that there
is no obvious change after NMDA treatment). Data were quantified from multiple samples,
and expressed as average +/— SEM. *: p < 0.05 between the treated samples and the control
samples.
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Fig. 2.

NMDA at low and high concentration causes significant elevation in intracellular calcium.
The relative intracellular Ca2* level was determined by Fura ratio (F340/380) with calcium
imaging of 14-16 DIV cortical neurons. The ratio of F340/380 was collected from multiple
neurons during the 10 min stimulation with 20 M (A) or 100 M NMDA (B). The
quantification (average +/- SEM) is shown in C.
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Fig. 3.

Role of NR2A- and NR2B-containing NMDAR in the up-regulation of CaMKlla
phosphorylation. DIV 14 cultures were pre-treated with TTX (1 wM), CNQX (40 M), and
nifedipine (5 wM) for 30 min for all experiments before NMDA treatment (15 min for A and
10 min for E). A. Pre-treatment with NVP-AAMO077 (0.1 wM) or Ro 25-6981 (0.5 wM) were
used to preferentially block the activation of NR2A or NR2B, respectively. B. DIV 14
neurons were treated with NVP-AAMO77 (0.1 uM or 0.4 uM as indicated) or Ro25-6981
(0.5 M) or ifenprodil (3 wM), as indicated, for 30 min. The level of phosphorylated
CaMKIlla and total CaMKIlla was determined by Western blot. Top panels: representative
images from three independent experiments. Bottom panels: quantification for Thr286
phosphorylation. *: p < 0.05 between the control and the NMDA-treated groups. **: p <
0.05 between the NMDA-treated and the inhibitor-pretreated groups. NVP: NVP-AAMO77.
Ro: Ro 25-6981. Ifen: ifenprodil. C. Knockdown of NR2A and NR2B in neurons. Neurons
were transduced with lentivirus expressing ShRNA-2Aa or shRNA-2Bi constructs. The
expression level of NR2A, NR2B, and Mortalin (as a non-target control protein) was
determined by Western blot. D and E. cortical neurons were co-transfected with GFP and
the ShRNA vector or shRNA-NR2Aa or shRNA-NR2Bi construct, as indicated, on DIV 12.
On DIV 16, neurons were pre-treated with TTX (1 wM), CNQX (20 M) and nifedipine (5
M), and then fixed and co-stained for phosphorylated CaMKlla (at Thr286) and GFP. In
E, the neurons were fixed after a 10 min treatment with 20 wM NMDA. The level of Thr286
phosphorylation in representative neurons transfected with vector, or ShRNA-NR2Aa, or
shRNA-NR2Bi (as indicated by the arrows) is shown in D1 (no stimulation) and E1
(stimulated by 20 .M NDMA\). The level of Thr286 phosphorylation in shRNA-transfected
neurons was compared to that of the surrounding non-transfected neurons. For
quantifications shown in D2 and E2, the level of Thr286 in neurons transfected with GFP
and shRNA vector was defined as 1, and the immuno-intensity in neurons transfected with
GFP and shRNA-2Aa or shRNA-2Bi was normalized to vector controls. The quantification
is presented as average +/- SEM. *: p < 0.05, by ANOVA.
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Fig. 4.

Overexpression of NR2A and NR2B enhances NMDA-induced phosphorylation at Thr286.
Cortical neurons were transfected with plasmid expressing GFP or GFP-NR2A or GFP-
NR2B at DIV 12. At DIV 16, non-stimulated neurons (A) or NMDA (20 pM for 10 min)-
stimulated neurons (B) were fixed and co-stained for phosphorylated CaMKlla (at Thr286)
and GFP. The level of Thr286 phosphorylation in representative neurons transfected with
GFP, or GFP-NR2A, or GFP-NR2B (as indicated by the arrows) is shown in Al and B1. For
quantifications shown in A2 and B2, the level of Thr286 phosphorylation in neurons
transfected with GFP was defined as 1, and the immuno-intensity in neurons transfected
with GFP-NR2A or GFP-NR2B was normalized to the GFP controls. The quantification is
presented as average +/— SEM. *: p < 0.05, by ANOVA.
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Pharmacological inhibition or knockdown of NR2A and NR2B attenuates NMDA-induced
CaMKIlla dephosphorylation at Thr286. DIV 14 cultures were pre-treated with TTX (1
M), CNQX (40 M), and nifedipine (5 uM) for 30 min for all experiments before the 10
min NMDA (100 wM) treatment. A. Pre-treatment with NVP-AAMO077 (0.1 uM) or Ro
25-6981 (0.5 pM) was used to preferentially block the activation of NR2A or NR2B,
respectively. The level of phosphorylated CaMKIlla and total CaMKIla was determined by
Western blot. Top panels: representative results from three independent experiments.
Bottom panels: quantification for Thr286 phosphorylation. *: p < 0.05 between the control
and the NMDA-treated groups. **: p <0.05 between the NMDA-treated and the inhibitor-
pretreated groups. NVP: NVP-AAMO077. Ro: Ro 25-6981. B. cortical neurons were co-
transfected with GFP and the shRNA vector or StIRNANR2Aa or sShRNA-NR2Bi construct,
as indicated, at DIV 12. At DIV 16, neurons were pre-treated with TTX (1 M), CNQX (20
M) and nifedipine (5 wM). Neurons were fixed after a 10 min treatment with 100 oM
NMDA. The level of Thr286 phosphorylation in representative neurons transfected with
vector, or sShRNA-NR2Aa, or shRNA-NR2Bi (as indicated by the arrows) is shown in B1.
The quantification is presented in B2 as average +/— SEM. *: p < 0.05, by ANOVA.
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Overexpression of NR2A or NR2B exaggerates CaMKIlla dephosphorylation after
stimulation with high concentration of NMDA. Cortical neurons were transfected with
plasmid expressing GFP or GFP-NR2A or GFP-NR2B at DIV 12. At DIV 16, neurons were
first pre-treated with TTX (1 pM), CNQX (20 M) and nifedipine (5 wM), and stimulated
with 80 uM NMDA for 10 min. Neurons were then fixed and co-stained for phosphorylated
CaMKIlla and GFP. The level of Thr286 phosphorylation in representative neurons
transfected with GFP, or GFP-NR2A, or GFP-NR2B (as indicated by the arrows) is shown
in A. The quantification is presented as average +/- SEM in B. *: p < 0.05, by ANOVA.
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Fig. 7.

Role of protein phosphatases in NMDA-induced dephosphorylation at Thr286. Cultures
were pre-treated with TTX (1 pM), CNQX (40 wM), and nifedipine (5 tM) for 30 min for
all experiments before NMDA application. A. PP inhibitors, OA (1 M) or cantharidin (100
nM) or FK506 (1 nM), was applied for 10 min before stimulation with 100 uM NMDA.
Samples were collected 15 min after NMDA treatment, and Thr286 phosphorylation was
examined by Western blot. B. The effects of 1 pM and 10 nM OA on NMDA (100 pM)-
induced dephosphorylation. C. Neurons were treated as described in A. The effects of OA
on Thr286 phosphorylation were examined with NMDA-stimulated or non-stimulated
neurons, as indicated. D. Neurons were treated with NMDA similarly as in A. OA (1 uM)
was applied with or without NVP-AAMO077 (0.1 M) or Ro 25-6981 (0.5 tM), as indicated,
before NMDA. 15 min following NMDA treatment, samples were harvested and analyzed
for Thr286 phosphorylation by Western blot. The top panels are representative Western blot
results from three independent experiments. The bottom panels are quantification for the
relative level of Thr286 phosphorylation. *: p < 0.05 when comparing with the control
group. **: p < 0.05 when comparing with either control or NMDA-treated groups. #: p<0.05
when comparing with all other groups. NS: not statistically different between these groups.
Can: cantharidin. NVP: NVP-AAMO077. Ro: Ro 25-6981.
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Fig. 8.

Role of NR2A and NR2B in bi-directional regulation of Thr286 phosphorylation induced by
endogenous NMDAR agonist glutamate. DIV 14 neurons were first pre-treated with TTX,
CNQX, and nifedipine for 30 min, and followed by stimulation with glutamate for 15 min.
Samples were collected and analyzed for phosphorylation at Thr286 by Western blot. A.
Glutamate at low concentrations (20 and 50 M) up-regulates phosphorylation, and 100 uM
glutamate causes dephosphorylation. B. Pharmacological inhibition of NR2A (by 0.1 M
NVPAAMO77) or NR2B (by Ro 25-6981 at 0.5 M) attenuates 20 uM glutamate-induced
phosphorylation. C. Pharmacological inhibition of NR2A (by 0.1 oM NVP-AAMO077) or
NR2B (by Ro 25-6981 at 0.5 M) attenuates 100 M glutamate-induced dephosphorylation.
The top panels are representative Western blot results from three independent experiments.
The bottom panels are quantification for the relative level of Thr286 phosphorylation. *: p <
0.05 when comparing with the control group. **: p < 0.05 when comparing with the
glutamate-treated groups.
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