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NMDA receptors (NMDARs) play a major role in the pathological events following excitotoxicity. 

Post-ischemic activation of NMDARs has been linked to opposing signaling that mediates pro-

survival or pro-death activity. This dichotomy is largely due to distinct GluN2 subunit 

compositions governing important receptor functions including channel properties, receptor 

trafficking, and synaptic localization. Compared to GluN2A- and GluN2B-containing NMDARs, 

the trafficking of GluN2C in non-cerebellar granule neurons is less well understood. Moreover, 

the role of GluN2C following cerebral ischemia remains unknown. Here, we report 14-3-3 

isoform-specific binding and regulation of GluN2C. Our findings highlight the isoform-specific 

structural and functional differences within the 14-3-3 family of proteins which determine GluN2C 

binding and its essential role in targeting the receptor to the cell surface to facilitate glutamatergic 

neurotransmission. Next, we sought to investigate the role of GluN2C following cerebral ischemia. 

We show that GluN2C expression promotes neuronal survival as a homeostatic mechanism by 

which intracellular Ca2+ levels are maintained by upregulation of GluN2C. Through such a 

mechanism, not only the intracellular Ca2+ level but also NMDAR signaling can be maintained at 

equilibrium. 
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1. Introduction 
 
1.1. Statement of problem 

 
 As of 2015, heart disease (including cardiac arrest) and stroke rank as the 

nation’s number 1 and 5 causes of death, respectively (Mozaffarian et al., 2015). 

Ischemia-induced neuronal death has been a major area of intense research in recent 

decades. Understanding the molecular mechanisms that underlie the loss of neuronal 

integrity following an event such as stroke or cardiac arrest is of increasing importance 

in order to develop targeted therapeutics.  

 To date, the only FDA approved treatment for ischemic stroke is tissue 

plasminogen activator (tPA). tPA works by dissolving the blood clot and improving 

blood flow to the area of the brain that is metabolically deprived. Regardless of 

successful restoration of blood flow to the brain, patients often still suffer chronic and 

severe nervous system deficits (such as motor dysfunction, depression, anxiety, 

cognitive deficit) due to cerebral ischemic damage. Therefore, it has become an 

increasingly important public health challenge to develop neuroprotectants in order to 

minimize brain damage and to improve quality of life and mortality outcomes.   

 NMDA receptor (NMDAR) mediated excitotoxicity is a primary contributor to 

ischemic neuronal death. NMDAR antagonists have previously failed in clinical trials 

because sustained NMDAR activation is essential for normal functioning; blocking all 

NMDARs cause severe side effects. It is important to understand how NMDAR subunit 

diversity controls opposing roles in cell survival and death in order to develop better 

therapeutic targets.  
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 The current work illustrates the role of GluN2C-containing NMDARs and how this 

subtype of receptors regulates neuronal survival following ischemia by combining 

molecular, biochemical, cell biological and behavioral approaches to address the 

question in vitro and in vivo. Because trafficking and targeting of NMDARs to the 

plasma membrane is critical for proper neuronal function, this work also focuses on 

elucidating a key mechanism that drives GluN2C trafficking mediated by 14-3-3 

adaptor proteins.  
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1.2. Statement of Hypotheses and Specific Aims 

 
Hypothesis 1: GluN2C binds to 14-3-3 isoforms to mediate receptor trafficking and 

targeting functions. 

Aim 1: Characterize 14-3-3 isoform-specific binding to GluN2C. 

 (1a) Determine which 14-3-3 isoforms bind to GluN2C. 

 (1b) Determine effect of Serine 1096 mutation on GluN2C binding. 

 (1c) Determine if other NMDA receptors bind to 14-3-3. 

 (1d) Determine GluN2C binding site contained within 14-3-3.  

Aim 2: Determine 14-3-3 isoform-specific role in GluN2C receptor trafficking. 

 (2a) Determine role of trafficking in HeLa cells. 

 (2b) Determine role of trafficking in hippocampal neurons. 

Hypothesis 2: GluN2C is upregulated in the hippocampus following ischemia to serve 

a neuroprotective function. 

Aim 3: Determine the role and regulation of GluN2C following ischemia. 

(3a) Characterize the endogenous expression profile of GluN2C. 

(3b) Determine role of GluN2C following in vivo cerebral ischemia. 

(3c) Determine if GluN2C expression in hippocampal neurons is 

neuroprotective following NMDA-induced excitotoxicity. 

(3d) Evaluate NMDAR subunit specific changes in surface expression. 

(3e) Identify mechanism for pro-survival outcomes mediated by GluN2C. 
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1.3. Review of literature 

1.3.1. NMDA receptor (NMDAR) introduction 

 Glutamate receptors exist widely throughout the mammalian central nervous 

system. Glutamate is the most abundant excitatory neurotransmitter that are stored in 

synaptic vesicles and released in the synaptic cleft. Following release, glutamate binds 

and activates glutamate receptors primarily localized on postsynaptic neurons. 

Glutamate-gated ion channels, also called ionotropic glutamate receptors, are a type of 

glutamate receptors that are permeable to cations (Hollmann & Heinemann, 1994). 

Ionotropic glutamate receptors have been grouped into three main subtypes based on 

their pharmacological and electrophysiological characterization: alpha-amino-3-hydroxy-

5-methyl-4-isoxazole propionate (AMPA), kainate and N-methyl-D-aspartate (NMDA) 

receptors. The particular focus of this report are NMDA receptors (NMDARs), which are 

concentrated within the postsynaptic density (PSD) of excitatory synapses. NMDARs 

are unique compared to the other ionotropic glutamate receptors in that they mediate a 

slower phase of neurotransmission and are known as “coincidence detectors” 

(Hollmann & Heinemann, 1994), meaning they have the ability to sense the 

simultaneous occurrence of synaptic activity at different points of the same cell to 

regulate synaptic plasticity.  

1.3.1.1. NMDAR subtypes 

 NMDARs are membrane proteins consisting of four subunits that form a central 

ion channel pore selective for cations (influx of Na+ and Ca2+; outflux of K+ ions). There 

are three main subtypes that have been identified within the NMDAR family: GluN1 
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(including eight functional splice variants), GluN2 (GluN2A, GluN2B, GluN2C, and 

GluN2D), and GluN3 subunits (GluN3A and GluN3B) (Hollmann & Heinemann, 1994; 

McBain & Mayer, 1994). With the cloning of the NMDAR subunits, first GluN1 in 1991 

(Moriyoshi et al., 1991), the GluN2 subunits in 1992 (Kutsuwada et al., 1992; Meguro et 

al., 1992; Monyer et al., 1992), the GluN3A subunit (Ciabarra et al., 1995; Sucher et al., 

1995) and partial sequence for GluN3B subunit (Forcina et al., 1995, Society for 

Neuroscience Abstract No. 438.3), considerable insight into the functionality and 

properties of these receptors has been gained. Each subunit ranges in amino acid 

sequence and length, the total number ranging from 900 to over 1,480 amino acids. The 

difference in subunit size for GluN2A, GluN2B, GluN2C and GluN2D is mostly attributed 

to the C-terminal domain consisting of 627, 644, 404 and 461 amino acids, respectively 

(Hollmann & Heinemann, 1994). Heterogeneity also exists within the GluN1 subunit 

population, where due to three alternative splicing sites, a total of eight distinct isoforms 

emerged (GluN1-1a to 4a and GluN1-1b to 4b). The C-terminal splice variant 

compositions have been shown to affect the early trafficking of this subunit due to 

differences in ER retention mechanisms (Okabe et al., 1999). A heteromeric (di-

heteromeric or tri-heteromeric) complex must be formed between two GluN1 subunits 

and two GluN2 or GluN3 subunits in order to impart receptor functionality. Diverse 

combinations of subunit assembly give rise to functionally distinct NMDARs throughout 

the central nervous system.  

1.3.1.2. NMDAR activation 

 NMDARs act by detecting and processing extracellular glutamate signals into 
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diverse intracellular signaling pathways. In addition to the binding of glutamate to the S1 

and S2 domains of the extracellular N-terminal domain (NTD) of the GluN2 subunit, 

activation requires coagonist binding of glycine (preferentially binds to extrasynaptic 

receptors) or D-serine (preferentially binds to synaptic receptors) to the N-terminal 

domain of the GluN1 subunit (S. G. Cull-Candy & Leszkiewicz, 2004; Papouin et al., 

2012). During its resting state, NMDARs contain a voltage-dependent Mg2+ block within 

its pore that prevents ions from flowing in and out of the cell unless the receptor is 

activated. Therefore, as coincident detectors, NMDAR activation requires not only 

detection of extracellular agonist binding, but also requires depolarization of the 

postsynaptic cell that occurs following AMPA receptor activation. Glycine binding has 

been shown to not only serve as a co-agonist for NMDAR activation, but also act as a 

priming mediator for NMDAR clathrin-depedent endocytosis (Nong et al., 2003).  

1.3.1.3. NMDAR structural architecture 

NMDARs also contain modulatory sites within their NTD that bind Zn2+ (binds to 

GluN2A) or ifenprodil (GluN2B-specific antagonist). In addition to containing an 

extracellular NTD, individual subunits contain a transmembrane domain (M1 – M4) and 

a long and diverse C-terminal tail (Figure 1). The channel-lining region (M2) is a re-

entrant “pore loop” that enters the membrane from the intracellular space and controls 

basic ion channel functions (Dingledine et al., 1999). Residues in M1, M3, and M4 

regions can also affect channel permeability. The C-terminal tail of both GluN1 and 

GluN2 subunits contain intracellular binding sites to synaptic kinases and structural 

proteins to modulate receptor activity, trafficking and localization. 
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1.3.1.4. Channel properties and gating kinetics  

 Electrophysiology studies on recombinant and native NMDARs have 

demonstrated that the GluN2 subunit composition is critical in determining the channel 

properties of the receptor (S. Cull-Candy et al., 2001; Dingledine et al., 1999; Stern et 

al., 1992). The greatest variation between the subunits lies in their specific permeation 

properties, sensitivity to Mg2+ block, and gating properties (Table 1). GluN2A- or 

GluN2B-containing NMDARs display large single-channel conductances (40 to 50-pS 

openings) and high sensitivity block by Mg2+, while receptors containing GluN2C or 

GluN2D subunits show smaller conductances (16 to 35-pS openings) and a lower 

sensitivity to Mg2+ (Figure 2). GluN2C-containing NMDARs require only modest 

depolarization to relieve Mg2+ blockade. Because the voltage-dependent Mg2+ block of 

the NMDAR performs a crucial function in synaptic plasticity, this low sensitivity to Mg2+ 

implies that NMDARs with GluN2C can operate at a more negative membrane potential 

to regulate activity-induced synaptic changes. When the GluN3 subunit is combined 

with GluN1/GluN2, it reduces Ca2+ permeability of the channel (Perez-Otano et al., 

2001). When GluN3A or 3B is coexpressed with GluN1 alone, it becomes impermeable 

to Ca2+ and becomes selectively activated by glycine (Chatterton et al., 2002). 

 Patch clamp recordings of single channels revealed that NMDARs also vary in 

channel mean open time and maximal open probability, defined as the probability of 

being in an open state while the agonist binding sites are occupied (Dravid et al., 2008; 

Erreger et al., 2005). Following application of a saturating dose of glutamate and glycine 

(1 mM and 50 µM, respectively), it was found that the maximal open probability was 
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highest for GluN2A-containing NMDARs (0.5), intermediate for GluN2B (0.1) and very 

low for GluN2C and GluN2D receptors (0.01). Looking at the channel mean open time 

also revealed that it was significantly reduced for GluN2C and GluN2D-containing 

receptors compared to GluN2A and GluN2B (Table 1 and Figure 2). Finally, differences 

exist between the various NMDAR subunits in glutamate sensitivity and deactivation 

kinetics following a brief pulse of glutamate (Vicini et al., 1998; Wyllie et al., 1998). To 

summarize the results of these studies (Table 1 and Figure 2), GluN2A has the highest 

sensitivity to glutamate and fastest deactivation time (40 ms), GluN2B and GluN2C 

have intermediate glutamate sensitivity and about equal deactivation times (300 ms), 

and GluN2D has the lowest sensitivity to glutamate and slowest deactivation time (3-4 

s). 
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Figure 1. Molecular architecture of an NMDA receptor. Functional NMDA receptors 

are heterotetramers containing two obligatory GluN1 subunits in combination with two 

GluN2 and/or GluN3 subunits. An extracellular amino-terminal domain (NTD) is linked to 

an extracellular ligand binding domain. Glutamate binds to the GluN2 subunit and 

glycine (or D-serine) binds to the GluN1 subunit, which activates the receptor. The 

transmembrane domain (M1-M4) forms the ion channel that contains Mg2+ which blocks 

ion flow (Na+ and Ca2+ in; K+ out) until the receptor is activated. The channel-lining 

region (M2) is a re-entrant “pore loop” central to channel gating. The transmembrane 

helices link with an intracellular carboxy-terminal domain (CTD), which contain specific 

motifs involved in binding to a variety of different structural proteins and kinases that 

modulate receptor signaling and function. (S. G. Cull-Candy & Leszkiewicz, 2004) 
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Table 1. GluN2-subunit specific permeation and gating properties. 

GluN2 subunit composition determines permeation and gating properties. Channels 

generate two conducting states, main and sub-conducting state, which vary between 

subunits. NMDAR subtypes also show distinct sensitivity to agonists (EC50), activation 

and deactivation kinetics (τoff) and channel mean open time and maximal open 

probability (Po). (Paoletti, 2011) 
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A      B 
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Figure 2. GluN2-NMDARs channel properties.  

A, NMDARs composed of GluN2A or GluN2B subunits display high- conductance states 

(40-50 pS) while receptors containing GluN2C or GluN2D subunits display low-

conductance states (22-35 pS for GluN2C; 16-35 pS for GluN2B). B, Differences in 

deactivation kinetics are shown. NMDAR-mediated currents recorded from transfected 

HEK293 cells were stimulated by glutamate. From fast to slow, GluN2A > GluN2B = 

GluN2C > GluN2D. C, GluN1 ⁄ GluN2 receptor subtypes differ in their maximal channel 

open probability. Steady-state recordings of outside-out patches with a single GluN1 ⁄ 
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GluN2A (top), GluN1 ⁄ GluN2B (middle) or GluN1 ⁄ GluN2C (bottom) channel. NMDAR 

channels were activated with 1 mM glutamate and 50 µM glycine. (S. G. Cull-Candy & 

Leszkiewicz, 2004) (Paoletti, 2011) 
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1.3.1.5. Developmental and regional expression  

 The diversity in channel properties may also provide a molecular basis for the 

regional and developmental variation that exists between the different subunits. What 

we currently know through biochemical evidence is that NMDARs follow a distinct 

developmental expression pattern. GluN1 subunit is ubiquitously expressed in the CNS 

during all stages of development, although regional expression patterns between the 

different isoforms have been characterized (Akazawa et al., 1994; Laurie & Seeburg, 

1994; Wenzel et al., 1997b). In situ hybridization studies of the mice brain have 

revealed that GluN2B and GluN2D exist predominantly during the embryonic stage of 

the developing CNS. During this early stage of development, GluN2B is distributed 

widely throughout the brain and GluN2D is enriched exclusively in the diencephalon and 

brainstem. During the first two postnatal weeks, the expression pattern considerably 

changes. Between P7 – 10, GluN2A expression significantly increases and becomes 

predominant over GluN2B in many areas in an activity-dependent manner (Barria & 

Malinow, 2002). Casein kinase 2 is a key regulator that drives the developmental 

subunit switch by phosphorylating GluN2B to promote endocytosis and synaptic 

removal, resulting in an increase in GluN2A at the synapse (Sanz-Clemente et al., 

2010). Moreover, a distinct N-glycosylation site identified in GluN2B and GluN2A is a 

critical determinant for controlling the mode of synaptic incorporation, a mechanism that 

is thought to segregate NMDARs into separate trafficking pathways (Storey et al., 

2011). Although GluN2A becomes the dominant subunit in the cortex and hippocampus, 

GluN2B remains expressed throughout the forebrain. Pharmacological evidence using a 
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GluN2B-selective inhibitor, ifenprodil, suggests the existence of triheteromeric 

(GluN1/GluN2A/GluN2B) receptors at the mature synapse and an enrichment of 

GluN2B receptors at extrasynaptic sites, which are less accessible to glutamate during 

normal synaptic activity (Tovar & Westbrook, 1999). During postnatal development, 

GluN2D expression becomes drastically reduced and remains weakly expressed in the 

diencephalon and brainstem. GluN2C expression appears at P7 and is the dominant 

subunit in the cerebellum and olfactory bulb, replacing GluN2B in the cerebellum 

specifically within the granule cell population. Suzuki et al. demonstrated that 

depolarization stimulated Ca2+ entry upregulates brain-derived neurotrophic factor 

(BDNF) mRNA via Ca+2/calmodulin-dependent protein kinase (CaMK) and the tyrosine 

kinase receptor extracellular signal-regulated kinase (ERK) 1/2 cascade, which in turn 

induces GluN2C expression during development (Suzuki et al., 2005). In addition, 

stimulation of NMDA and AMPA receptors plays a key role in the upregulation of 

GluN2C and downregulation of GluN2B mRNA and receptor expression at the cell 

surface of maturing granule cells (Iijima et al., 2008). At P7 – 14, GluN2C is also 

expressed in the hippocampus, but this level decreases and becomes confined to 

cortical and hippocampal interneurons and glial cells as development progresses 

(Pollard et al., 1993). GluN2C was thought to have limited expression pattern at later 

stages in development, mainly restricted to the cerebellum, thalamus and olfactory bulb 

(Wenzel et al., 1997a). However, using knock-in mice expressing nuclear β-

galactosidase as a reporter under the control of GluN2C promoter, it has been shown 

that GluN2C is also expressed in previously unidentified areas such as the retrosplenial 
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cortex, pontine and vestibular nuclei, striatum and hippocampus (Karavanova et al., 

2007a). Whether GluN2C is expressed at synapses and what is the function of GluN2C 

in these newly identified areas remains unknown.  

 The GluN3 subunits consist of GluN3A and GluN3B. Unlike GluN2, but similar to 

GluN1, GluN3 binds glycine and D-serine rather than glutamate (Yao & Mayer, 2006). 

Incorporation of GluN3 subunits into conventional NMDARs putatively gives rise to 

glutamate-activated triheterotetrameric GluN1/GluN2/GluN3 receptors with distinct 

channel properties, such as reduced Mg2+ sensitivity and Ca2+ permeability (Ciabarra et 

al., 1995). Therefore, it has been suggested that they function as a dominant-negative 

modulator of NMDARs (Pachernegg et al., 2012). GluN3A subunit expression is high 

during early development (reaches peak at P8), but becomes replaced by GluN3B 

subunit (Wong et al., 2002). GluN3A is only weakly expressed in the adult brain, but 

interestingly remains in layer V of the neocortex. This observation has led to hypotheses 

regarding the unique role GluN3A has during neurogenesis and the inside-out migration 

of neurons during cortical development. For example, one study suggested that GluN3A 

might serve a neuroprotective role for layer V neurons in the first postnatal weeks, due 

to its ability to reduce Ca2+-influx (Sucher et al., 1995). Moreover, GluN3A may promote 

subcortical projections of layer V neurons because the axonal outgrowth of these 

neurons and the refinement of these projections take place postnatally when GluN3A 

expression is increased (Sucher et al., 1995). In particular, GluN3A downregulation 

during a sensitive period of synaptic plasticity development has been shown to be 

important for synapse maturation (Roberts et al., 2009). Transient overexpression of 
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this subunit in a transgenic mouse model resulted in reduced spine density, impaired 

synaptic plasticity, and deficits in long term memory (Roberts et al., 2009).  

 In the embryonic and neonatal brain, GluN3B expression is minimal (Fukaya et 

al., 2005; Ishihama & Turman, 2006). Its expression increases during the late postnatal 

stages and peaks at adulthood in several brain regions, such as forebrain structures, 

the cerebellum, and the lumbar sections of the spinal cord (Wee et al., 2008). Similar to 

the suggested neuroprotective role of GluN3A, studies have shown that GluN3B also 

functions to promote neuronal survival in motoneurons by minimizing Ca2+ influx (Nishi 

et al., 2001).  

At the cellular level, GluN3A and GluN3B display localization in neuronal somata 

and neurites of different cell types (such as pyramidal neurons of the neocortex and 

cerebellar Purkinje and granule cells), and they co-assemble with other NMDAR 

subunits in the postsynaptic density of asymmetric synapses (Wee et al., 2008; Wong et 

al., 2002). In addition to neuronal expression, GluN3 subunits are also present in glial 

cells, such as astrocytes (M. C. Lee et al., 2010), oligodendrocytes for GluN3A 

(Karadottir et al., 2005), myelin of optic nerves (Micu et al., 2006), and microglia 

(Murugan et al., 2011).  

Taken together, the developing brain undergoes various molecular switches in 

NMDAR subunit composition that is regionally specific, which in turn carries out specific 

functions for optimal glutamatergic neurotransmission.  

1.3.2. NMDARs and synaptic plasticity 

 NMDAR activation is a necessary component for normal synaptic transmission. 
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This class of receptors have been most extensively studied for its role in triggering long-

term potentiation (LTP), which is a long-term modification of synaptic strength and a 

cellular correlate for learning and memory, as well as long-term depression (LTD), a 

long-lasting decrease in synaptic strength. Within the hippocampus, a brief high-

frequency train of stimuli (typically 50 – 100 stimuli at 100 Hz or more) delivered to the 

Schaffer collateral input to CA1 neurons results in LTP induction (Bliss & Lomo, 1973) 

that is now understood to be NMDAR-dependent. This type of stimulus allows many 

afferent fibers of a cell to be activated and depolarization spreads between neighboring 

synapses to enhance the unblocking of NMDARs (Bliss & Collingridge, 1993). Applying 

NMDAR antagonists (such as AP5, MK-801 or allosteric glycine site antagonists) has 

been shown to prevent the induction of LTP, providing further compelling evidence for 

the requirement of NMDAR activation in triggering LTP induction (Coan et al., 1987; 

Collingridge et al., 1983). Other evidence supporting the critical role of NMDARs in LTP 

and LTD stems from genetic ablation studies. In a CA1-restricted GluN1 knockout 

genetic mouse strain, it was demonstrated that LTP in this region was abolished and 

spatial learning memory was impaired (Tsien et al., 1996). The contribution of GluN2B 

NMDARs to LTD has also been examined. Using conditional GluN2B knockout mice, 

LTD produced by low-frequency stimulation combined with glutamate transporter 

inhibition was shown to be abolished and hippocampal-dependent memory impaired 

(Brigman et al., 2010).  

 Using Ca2+ imaging techniques, it was further demonstrated that tetanic 

stimulation not only evokes large NMDAR-mediated currents, but also elevates Ca2+ 
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within dendrites and spines which is a direct result of Ca2+ permeating through 

NMDARs (Malenka et al., 1992; Regehr & Tank, 1990). This rise in intracellular Ca2+ 

subsequently augments further Ca2+ release from intracellular stores and leads to 

signaling that induces changes in AMPAR mediated synaptic activity, which underlies 

the long-term changes observed in synaptic plasticity. Many Ca2+-sensitive enzymes are 

involved in transducing the Ca2+ signal into downstream mediators for synaptic 

plasticity. Inhibitor studies have demonstrated that Ca2+/phospholipid-dependent protein 

kinase C (PKC) (Akers et al., 1986), Ca2+/calmodulin-dependent protein kinase II 

(CaMKII) (Malenka et al., 1989; Malinow et al., 1989), cAMP-dependent protein kinase 

(PKA) (Blitzer et al., 1998; Chetkovich et al., 1991), protein tyrosine kinases (PTKs)  (Y. 

M. Lu et al., 1998; O'Dell et al., 1991), and microtubule associated protein (MAP)-2 

kinase (Bading & Greenberg, 1991) are among those involved in the signal transduction 

cascades. These kinases can induce LTP by acting directly on receptors by 

phosphorylating them, as is the case for CaMKII which directly phosphorylates the 

GluA1 subunit of AMPA receptors (Barria et al., 1997). Alternatively, LTP formation may 

require indirect mechanisms, which has been suggested in studies examining tyrosine 

kinase src activity upregulating NMDAR function (Y. M. Lu et al., 1998). PKA has been 

shown to induce LTP by cAMP-dependent phosphorylation of endogenous inhibitor-1 (a 

specific inhibitor of protein phosphatase-1 (PP1)) which results in decreased PP1 

activity and indirectly increasing CaMKII activity (Blitzer et al., 1998).   

1.3.3. Trafficking 

 The trafficking of NMDARs to synapses plays an important role in regulating 
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excitatory neurotransmission (Lau & Zukin, 2007; Wenthold et al., 2003). The properly 

assembled NMDARs, which contain both GluN1 and GluN2 subunits, are targeted onto 

plasma membrane via the biosynthetic secretory pathway. The most abundant GluN1 

splice variant, GluN1-1, has been demonstrated to contain an ER-retention motif, which 

prevents surface expression of homomeric GluN1-1 (Standley et al., 2000). GluN2A, 

GluN2B and GluN2C are also ER-retained and possess ER-retention signals in the 

transmembrane domain 3 and putative ER-retention motifs at the N-terminus and/or C-

terminus (Kaniakova et al., 2012; Lichnerova et al., 2014). It is generally believed that 

assembled protein complexes mask the ER-retention signal within individual subunits to 

retain unassembled subunits in the ER. Surprisingly, the assembled complex of 

NMDAR subunits does not override the ER-retention of the individual subunits and the 

ER export of the assembled NMDARs is dependent on a specific motif, suggesting that 

a novel mechanism must be employed. Compared to GluN2A and GluN2B, the 

trafficking of GluN2C is less well understood.   

1.3.4. Protein interactions 

1.3.4.1. Membrane-associated guanylate kinases (MAGUKs)  

 Various synaptic and trafficking molecules interact with NMDARs to modulate 

their function. Many of these proteins contain PDZ domains, named after the proteins in 

which these sequences were first discovered (PSD-95, Discs-large, Zona occludens-1). 

The membrane-associated guanylate kinases (MAGUKs), a family of PDZ domain 

containing proteins consists of PSD-95, PSD-93, synapse-associated protein (SAP)102, 

and SAP97. The PSD-MAGUK proteins contain 3 PDZ domains, a Src homology 3 
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(SH3) domain and an inactive guanylate kinase (GK) domain (Elias & Nicoll, 2007). The 

PDZ domains bind to a conserved PDZ-interacting motif at the extreme C-terminal 

region of NMDARs, whereas the SH3 and GK domains interact with cytoskeletal 

proteins and intracellular signaling complexes (B. S. Chen et al., 2012). Studies have 

shown that PSD-95, SAP-102 and PSD-93 induce the clustering of NMDARs in 

transfected heterologous cells (Kim et al., 1996; Niethammer et al., 1996), with PSD-95 

preferentially binding to GluN2A and SAP-102 preferentially binding to GluN2B in the 

adult hippocampus (Sans et al., 2000). Further, it has been shown that PSD-95 and 

SAP-102 play a role in the subunit-specific regulation of NMDAR trafficking and synaptic 

localization (B. S. Chen et al., 2012; Sans et al., 2003; van Zundert et al., 2004). More 

recently, a group has demonstrated by simultaneous knocking down PSD-95, PSD-93, 

and SAP-102 and combining electrophysiology and transmission electron microscopic 

(TEM) tomography imaging that MAGUK proteins are in fact required for anchoring 

NMDARs at excitatory synapses (X. Chen et al., 2015). 

1.3.4.2. Other major protein interactions 

 Although the PDZ domain-containing proteins interacting with GluN2 subunits 

has been the most well characterized, a number of other proteins have been shown to 

interact and alter the function of NMDARs. GluN2B associates with AP-2 adaptor 

proteins to mediate clathrin-dependent internalization from the postsynaptic site (Roche 

et al., 2001). NMDARs are also regulated by kinase interactions that result in activity-

dependent signaling mechanisms critical for processes such as LTP. For example, 

previous studies have demonstrated that NMDARs are a critical postsynaptic adaptor 
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site for CaMKII, which in turn regulates AMPAR phosphorylation and subsequent LTP 

(Leonard et al., 1999). This process is mediated by CaMKII binding to GluN1 and 

GluN2B following NMDAR stimulation and Ca2+ entry. Ca2+ elevation causes the kinase 

to dissociate from actin and translocate to the synapse (Shen & Meyer, 1999). Following 

autophosphorylation of CaMKII, the association with NMDARs becomes stronger, 

although this interaction can occur in an autophosphorylation-independent manner as 

well (Bayer et al., 2001). In addition to CaMKII, NMDARs (namely GluN1 and GluN2A) 

have also been shown to directly interact with the actin-binding protein alpha-actinin-2, 

which functions as a postsynaptic-anchoring protein for NMDARs (Wyszynski et al., 

1998). 

1.3.4.3. 14-3-3 proteins 

 Appropriate trafficking of NMDARs to the plasma membrane is critical for normal 

cellular physiology and neuronal function. 14-3-3 class of proteins are known to directly 

and specifically interact with GluN2C-containing NMDARs to regulate forward transport 

(Chung et al., 2015). The 14-3-3 family of proteins is highly conserved, ubiquitously 

expressed and essential for many cellular functions (Berg et al., 2003; Fu et al., 2000). 

It was originally identified as an abundant protein in brain tissue that showed a 

characteristic migration pattern following two-dimensional chromatography and 

electrophoresis, which gave rise to the peculiar terminology of 14-3-3. The mammalian 

14-3-3 proteins contain seven highly homologous isoforms (ζ, ϒ, τ, ε, η, β, and σ) and 

form homo- and/or heterodimeric cup-shaped structures. Some isoforms primarily form 

homodimers such as the 14-3-3 isoform, while some preferentially form heterodimers 



22 
 

  

such as the 14-3-3isoform (Gardino et al., 2006). Dimeric 14-3-3s interact with a 

variety of signaling proteins to regulate a wide range of cellular processes. Although all 

14-3-3 isoforms are expressed in the brain, each isoform displays unique expression 

pattern. For example, the 14-3-3isoform is expressed throughout the brain with the 

most distinctive staining in the molecular and granular layers of the cerebellum, 

whereas the and isoforms are mainly expressed in the gray matter area of the 

brain including the hippocampus, thalamus and cortex, with similar distribution pattern 

revealing subtle differences in location (Baxter et al., 2002).  

As forward transport requires escape from ER retention, 14-3-3s can control 

release mechanisms. They are known to regulate the activity and properties of client 

proteins by one of three principal mechanisms (Smith et al., 2011). First, 14-3-3s 

stabilize client protein structural conformations by clamping, which in turn can inhibit or 

activate client protein function (Figure 3A). Second, 14-3-3s can mask sorting signals 

or structural motifs in client proteins, which in turn can promote or inhibit trafficking 

(such as ER exit) (Figure 3B). Lastly, 14-3-3s can act as scaffolding proteins by 

positioning proteins in particular subcellular locations and also by linking client proteins 

with other proteins (Figure 3C). A number of studies have shown that 14-3-3 proteins 

can facilitate efficient cell surface expression of several membrane proteins including 

potassium channels, acetylcholine receptors and NMDARs (B. S. Chen & Roche, 2009; 

O'Kelly et al., 2002; M. M. Rosenberg et al., 2008; Yuan et al., 2003). 14-3-3β binds to a 

C-terminal “release” site on KCNK3 potassium channels, which prevents binding to 

COPI vesicular machinery and promotes forward trafficking (O'Kelly et al., 2002). A 
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mutant version of KCNK3 that does not bind to 14-3-3β produced no current in oocytes 

and prevented surface expression in COS-7 mammalian cell lines, suggesting 14-3-3β 

is required for KCNK3 to reach surface.  14-3-3η isoform has been shown to interact 

with recombinant α4 subunit of neuronal nicotinic acetylcholine receptors to also 

regulate forward trafficking (Jeanclos et al., 2001). Protein kinase A (PKA) activation is 

required for this interaction. Applying forskolin to increase cAMP levels and activate 

PKA resulted in increased interaction, whereas applying a PKA inhibitor prevented the 

interaction. Moreover, by using an enzyme-linked immunoassay to measure surface 

expression, they determined mutant α4β2 AChRs (which does not bind to 14-3-3η) had 

reduced cell surface expression compared to WT α4β2 AChRs. 

In any case, 14-3-3 proteins directly bind to these membrane proteins and 

regulate their surface expression in a phosphorylation-dependent manner. Although 

different 14-3-3 isoforms appear to have overlapping and redundant roles, some 

isoform-specific functions clearly exist. Emerging evidence suggests that the individual 

14-3-3 isoforms can significantly differ in brain function (Baxter et al., 2002; Paul et al., 

2012; Umahara et al., 2009). Additionally, it is well known that slight variations in 

structure and amino acid composition can result in major biological differences (Obsil & 

Obsilova, 2011; Yaffe et al., 1997; Yang et al., 2006).  
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Figure 3. Clamping, masking, and scaffolding roles of 14-3-3 are depicted. A, 

Example of clamping role of 14-3-3. 14-3-3 binding to plasma membrane H+-ATPase 

relieves autoinhibition allowing H+ pumping. B, 14-3-3 regulation of ER export. ER 

localization of many proteins is mediated by RXR motifs through interactions with COPI. 

14-3-3 binding could prevent COPI binding. C, 14-3-3 binding to nicotinic acetylcholine 

receptors (nAChR) recruits binding to scaffolding proteins, which in turn are anchored to 

the microtubule cytoskeleton. (Smith et al., 2011) 

 

 



25 
 

  

1.3.5. Glutamate excitotoxicity  

 Excitotoxicity, a term first coined by J.W. Olney in studies examining the 

neurodegenerative potential of glutamate (Olney, 1969), has since been used to 

describe the pathological process of neuronal damage mediated by the excitatory 

neurotransmitter glutamate and overstimulation of glutamate receptors, including 

NMDARs. Excitotoxicity occurs following cerebral ischemia (which results from 

pathological conditions such as cardiac arrest and stroke), whereby blood flow to the 

brain is disrupted. Cerebral ischemia can be subdivided into two types: focal, which 

reduces blood flow to a specific brain region or global, which encompasses a wide area 

of brain tissue. Focal ischemia is usually caused by a blood clot that is thrombotic 

(residing within a cerebral vessel) or embolic (breaks free and travels throughout the 

body) and encompasses a dense ischemic core (dead cells) and penumbral zone 

(viable cells at risk). Transient global ischemia induces delayed neuronal death, 

particularly in the hippocampal CA1 region, striatum, and parts of the neocortex 

(Pulsinelli et al., 1982).   

1.3.5.1. Metabolic deprivation and ion homeostasis 

 One of the primary causes of excitotoxic ischemic cell death is due to the 

metabolic deprivation of high-energy adenosine triphosphate levels (ATP) following 

disrupted blood flow that is vital for neuronal survival. The absence of cellular energy 

leads to degradation of macromolecules important to membrane and cytoskeletal 

integrity, dysregulation of ion homeostasis involving intracellular accumulation of Ca2+, 

Na+, and Cl- and extracellular accumulation of K+, production of metabolic acids (such 
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as lactic acid) with a resulting decrease in pH of the microenvironment, and 

accumulation of excess glutamate in the extracellular space. In regards to ion 

homeostasis, several key events occur that are detrimental for neuronal survival (Siesjo, 

1981). First, as Na+ enters the cell in higher than normal concentrations (for example, 

due to a failure of ATP-dependent ion exchangers), conditions favor efflux of Ca2+ from 

the mitochondria. This, along with further release of Ca2+ from the endoplasmic 

reticulum (ER), causes a rapid rise in intracellular Ca2+ levels, which triggers many 

downstream Ca2+-dependent neurotoxic effects. Second, the loss of Na+ and Cl- from 

the extracellular space causes uptake of osmotic equivalents and water into glial cells, 

causing swelling and edema (Bourke & Kimelberg, 1975). This prevents oxygen support 

to neighboring neuronal cells and triggers cells to die due to metabolic deprivation. 

Furthermore, K+ uptake into glial cells is an oxygen-dependent process, therefore 

neuronal glial support loss occurs through different mechanisms.  

1.3.5.2. Mechanisms of glutamate accumulation 

 Excessive extracellular glutamate concentrations can occur due to the failure of 

glutamate uptake transporters localized on astrocytes that rely on ATP to function (P. A. 

Rosenberg & Aizenman, 1989). In addition, pH is a critical factor in the proper 

functioning of astrocyte transporters, and ischemia-induced acidosis further limits 

astrocytes glutamate uptake ability (Swanson et al., 1995). Aberrant glutamate efflux 

termed “reverse uptake” from both astrocytic (Seki et al., 1999) and presynaptic 

neuronal (Rossi et al., 2000) processes also significantly contributes to the increased 

levels of extracellular glutamate. The excess amount of glutamate results in 
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overstimulation of both AMPA and NMDA receptors and subsequent Ca2+ overload.  

1.3.5.3. Calcium hypothesis 

 Several lines of evidence gave rise to the “calcium hypothesis” of glutamate-

mediated cell death, which posits that neuronal Ca2+ overload is the major player in 

subsequent neuronal damage. Tight regulation of intracellular Ca2+ levels is critical for 

maintaining cellular integrity. One study highlighted the importance of Ca2+ ions in 

glutamate-mediated neurotoxicity by demonstrating that cell death can be abolished 24 

hours after glutamate treatment by the removal of extracellular Ca2+ and exacerbated by 

increasing Ca2+ levels (Choi, 1985). The initial Ca2+ influx following glutamate 

overstimulation can also cause a secondary intracellular Ca2+ overload through various 

mechanisms. For example, studies have shown that following NMDA-induced toxicity, 

Ca2+-activated calpain protease cleaves a plasma membrane Na+/Ca2+ exchanger 

(NCX3), which subsequently cannot normally function to extrude Ca2+ when there is a 

rise in Na+ levels (Bano et al., 2005). Another major cause of the secondary rise in Ca2+ 

within the cell is due to mitochondrial dysfunction. In an effort to maintain intracellular 

Ca2+ homeostasis, the mitochondria takes up Ca2+ (White & Reynolds, 1997), which 

opens the permeability transition pore that results in mitochondrial depolarization 

(Vergun et al., 1999) and mediates calcium deregulation and neuronal injury.            

1.3.6. NMDAR-mediated excitotoxicity  

 Owing to their high Ca2+ permeability, much research focus has been placed on 

understanding the molecular basis of NMDAR-mediated excitotoxicity following 

ischemia. NMDARs have a dichotomous role in either promoting neuronal survival or 



28 
 

  

death following ischemia. The concept that Ca2+ can mediate opposing responses 

stems from earlier studies uncovering how the levels of Ca2+ influx can influence cell 

survival. Low levels of Ca2+ can promote neuronal survival (Franklin et al., 1995), 

whereas higher levels of Ca2+ induces glutamate-mediated neurotoxicity (Choi, 1987). 

However, using time-lapse Ca2+ imaging with Fura-2 (an indicator dye), one group 

demonstrated that the Ca2+ increase induced by sustained synaptic NMDAR activation 

had no deleterious effect on neurons, whereas similar Ca2+ increase induced by NMDA 

bath application induced neurotoxicity (Leveille et al., 2008). This suggests that the 

levels of Ca2+ may not be as critical a factor as is the source of the Ca2+ influx.  

1.3.6.1. Membrane localization hypothesis 

 There is mounting evidence to support the claim that NMDARs possess a dual 

role in conferring differential effects. One prevailing perspective suggests that the 

membrane localization of the receptors mediates opposing cellular outcomes. In 

particular, synaptic and extrasynaptic NMDARs can be functionally coupled to different 

downstream signaling proteins (Figure 4). For example, activation of synaptic NMDARs 

promotes activation of the survival-signaling protein extracellular signal-regulated kinase 

(ERK) and global NMDAR activation reduces ERK activation (Chandler et al., 2001). 

Moreover, stimulation of NMDARs by synaptic activity was shown to activate cAMP 

response element binding protein (CREB) and CREB target gene expression, whereas 

activation of extrasynaptic NMDARs opposes synaptic NMDAR function by triggering 

CREB shut-off and cell death pathways (Hardingham et al., 2002). This was 

demonstrated by evoking synaptic bursts of action potentials using bicuculline (GABAA 
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receptor antagonist), which activates synaptic NMDARs and glutamate bath application, 

which activates both synaptic and extrasynaptic NMDARs. Activation of synaptic 

NMDARs using this pharmacological approach resulted in sustained CREB 

phosphorylation at Serine 133, CRE-mediated gene expression and induction of BDNF 

gene expression which is involved in cell survival. Synaptic NMDARs were then 

selectively inactivated by applying MK-801 (an NMDAR open channel blocker which 

only binds to activated NMDARs) and bicuculline. Extrasynaptic NMDARs were then 

activated by exposing cells to bath glutamate application, which could be blocked by 

addition of APV (NMDAR antagonist). Results demonstrated that activation of the 

extrasynaptic population of NMDARs suppressed CREB function and inhibited BDNF 

expression, the effects of which oppose cell survival. In addition to membrane 

localization, the NMDAR subunit composition is also a critical determinant in functional 

outcomes following excitotoxicity. In the same study by Hardingham et al., applying 

ifenprodil (a selective GluN2B antagonist) resulted in inhibition of the CREB shut-off 

process previously seen when activating the extrasynaptic pool of NMDARs 

(Hardingham et al., 2002). These findings support the idea that (1) extrasynaptic 

NMDARs are predominantly composed of GluN2B-containing NMDARs and (2) 

GluN2B-containing NMDAR activation in ischemic contexts promotes cell death. 

Support for the extrasynaptic hypothesis also stems from studies examining the 

neuroprotective mechanism of memantine, an NMDAR antagonist. In particular, two 

studies evaluated the effect of memantine treatment on synaptic or extrasynaptic 

NMDAR-mediated response and found there was no significant modification of the 
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synaptic NMDAR-mediated response, however the drug was able to preferentially block 

the extrasynaptic NMDAR response (P. Xia et al., 2010) and subsequently promote 

neuronal survival (Leveille et al., 2008). 

 Despite the strong evidence supporting the NMDAR localization hypothesis in 

determining cell survival, there is conflicting evidence that argues against this model. In 

a study characterizing memantine’s selectivity for synaptic or extrasynaptic NMDARs, it 

was demonstrated that memantine inhibition of evoked NMDAR excitatory postsynaptic 

current (EPSC) was strong, although slightly weaker than antagonism exhibited at 

isolated extrasynaptic receptors (Wroge et al., 2012). Moreover, to test the hypothesis 

that excessive activation of synaptic NMDARs during hypoxia mediates cell death, the 

group selectively blocked synaptic receptors before hypoxia using MK-801. Preblocking 

synaptic receptors successfully reduced cell death. These results suggest that synaptic 

receptors deserve attention as possible targets of memantine and as mediators of 

toxicity. In a separate study, Zhou et al. demonstrated the limitations of the NMDAR 

localization hypothesis and proposed that cell death following excitotoxicity occurs as a 

result of coactivation of both synaptic and extrasynaptic NMDARs (X. Zhou et al., 2013). 

Using similar pharmacological protocols described in the previously discussed studies, 

they showed that activation of synaptic or extrasynaptic NMDARs alone was not 

sufficient to cause measurable cell death and Ca2+ dysregulation. In addition, they 

examined the genome-wide expression changes following synaptic or extrasynaptic 

NMDAR activation, and found that activation leads to overlapping and not opposing 

genomic responses.  
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Figure 4. Activation of synaptic vs extrasynaptic subpopulations of NMDARs 

have opposing roles in mediating neuronal death and survival.  

A, Under normal physiological conditions, glutamate is tightly controlled in the 

extracellular space and activates synaptic NMDARs (composed of mostly GluN2A, 

although also consisting of GluN2B subunits). Synaptic NMDAR activation maintains 

neuronal survival. B, During cerebral ischemia, there is excess glutamate that 

accumulates in the extracellular environment and spills over into the extrasynaptic 

areas. This causes activation of both synaptic and extrasynaptic NMDARs, and 

extrasynaptic NMDAR signaling is largely responsible for ischemic neuronal death. (Lai 

et al., 2014) 
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1.3.6.2. Subunit composition hypothesis 

 If NMDAR localization alone does not determine cell fate as previously 

discussed, another possibility is that NMDAR subunits may have opposing physiological 

roles as a result of their distinct cytoplasmic tails. This idea does not oppose the 

localization hypothesis, rather it supplements it with the understanding that GluN2A is 

indeed enriched at synaptic membranes and GluN2B is predominant at extrasynaptic 

sites (Tovar & Westbrook, 1999). However, it shifts the focus away from receptor 

location to receptor composition. GluN2A and GluN2B have been demonstrated to exert 

opposing effects both in vitro and in vivo (Liu et al., 2007). By using subunit-selective 

antagonists, the study demonstrated that bath application of GluN2B antagonist (Ro 25–

6981) but not GluN2A antagonist (NVP-AAM077) prevented necrosis and apoptosis 

following NMDA-induced toxicity and oxygen glucose deprivation (OGD) in cortical 

neuron cultures. Interestingly, applying GluN2A antagonist exacerbated apoptotic 

effects, suggesting that GluN2A activation is also neuroprotective. In terms of 

mechanism, it was further demonstrated that the NMDA-induced inhibition of the 

serine/threonine kinase Akt/protein kinase B-dependent cell survival signaling pathway 

and activation of caspase signaling were both blocked with GluN2B antagonist 

treatment. In addition to pharmacological evidence, the same group demonstrated using 

NMDAR subunit-specific knockout mice cultures that NMDA-induced neuronal 

apoptosis was significantly reduced in GluN2B-lacking neurons. These findings were 

confirmed using an in vivo model of ischemia, transient middle cerebral artery occlusion 

(MCAO), and it was found that administering a GluN2B antagonist was indeed 
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neuroprotective and reduced total infarct volume. Moreover, the group also provides 

electrophysiological evidence of the presence of a small population of GluN2B-

containing synaptic receptors and GluN2A-containing extrasynaptic receptors, although 

not the dominant subunit at these sites. Following selective activation of synaptic or 

extrasynaptic NMDARs, they found that GluN2A-containing extrasynaptic receptors 

conferred neuroprotection and GluN2B-containing synaptic receptors mediated cell 

death. These results strongly suggest that localization is not the critical determinant of 

excitotoxicity as is the NMDAR subunit composition.    

 Although this study provided evidence for the selectivity of the antagonists used, 

the selectivity for the GluN2A antagonist (NVP-AAM077) has been questioned in 

several published reports, making the results obtained difficult to interpret. In one study, 

NVP-AAM077 was shown to strongly reduce glutamate-evoked peak currents in 

HEK293 cells expressing rodent GluN1/GluN2A receptors but also reduced currents 

mediated by rodent GluN1/GluN2B receptors at all concentrations tested (Berberich et 

al., 2005). In a separate study that quantified the actions of NVP-AAM077 at rat 

recombinant GluN1/GluN2A and GluN1/GluN2B NMDARs under conditions where 

receptors were activated to the same extent by glutamate, it was found that NVP-

AAM077 only selectively antagonized GluN2A approximately 5-fold greater than 

GluN2B receptors (Frizelle et al., 2006). Therefore, NVP-AAM077 is not a GluN2A 

selective antagonist but preferentially antagonizes GluN2A NMDARs, which many 

argue is not adequate to pharmacologically discriminate NMDAR subunits. In contrast, 

the selectivity for GluN2B antagonist (Ro 25–6981) for GluN1/GluN2B receptors is 
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greater than 200-fold, which is sufficient to allow these antagonists to be used to identify 

these receptors (Fischer et al., 1997).  

 In an attempt to address the antagonist selectivity concerns and provide 

additional evidence for NMDAR subunit-specific effects following excitotoxicity, Martel et 

al. use a molecular genetic approach to determine whether equivalent levels of Ca2+ 

influx through GluN2A- and GluN2B-containing NMDARs differentially affect neuronal 

viability (Martel et al., 2012). By creating constructs encoding chimeric receptors based 

on GluN2B and GluN2A but with their respective C-terminal regions (CTRs) swapped 

with each other (denoted as GluN2B2A(CTR) and GluN2A2B(CTR)), the group demonstrated 

that GluN2B2A(CTR) conferred neuroprotection in rat hippocampal neurons following 

NMDA-induced toxicity, whereas GluN2A2B(CTR) caused greater cell death. Moreover, 

they provided evidence in a genetically modified ‘‘knockin’’ mouse in which the protein 

coding portion of the C-terminal exon of GluN2B was exchanged for that of GluN2A that 

following NMDA-induced toxicity (stereotactic injection in the hippocampus), lesion 

volumes were significantly reduced for the transgenic mice containing GluN2A CTRs. 

Thus, the GluN2 CTR subtype also influences NMDAR-mediated excitotoxicity in vivo. 

1.3.6.3. Neuronal survival signaling pathways 

 Several different mechanisms that control NMDAR-mediated neuronal survival 

and death have been proposed (Figure 5). One neuronal survival mechanism that has 

been well established involves the activation of the cellular protein kinase, Akt, also 

known as protein kinase B (PKB). NMDAR-mediated activation of Akt can occur via 

several pathways. In one study examining the neuroprotective signaling in cerebellar 
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granule neurons, it was shown that NMDARs mediated neuronal survival by Ca2+-

dependent tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1), which 

resulted in increased binding of the pro-survival regulatory subunit of 

phosphatidylinositol 3-kinase (PI3K) to IRS-1, and subsequent activation of PI3K activity 

(F. X. Zhang et al., 1998). Activation of PI3K is critical for the dimerization and 

phosphorylative activation of Akt, as demonstrated in experiments using 

pharmacological inhibitors, as well as expression of wild-type and dominant-inhibitory 

forms of Akt following insulin-like growth factor 1 (IGF-1) stimulation (Dudek et al., 

1997). Therefore, Akt is a critical mediator of growth factor-induced neuronal survival in 

cerebellar granule neurons. Alternatively, NMDARs can activate Akt in a PI3K-

independent manner, whereby NMDAR-mediated Ca2+ entry activates Ca2+/calmodulin-

dependent protein kinase kinase (CaM-KK) which subsequently activates Akt directly 

(Yano et al., 1998). NMDARs can also indirectly activate Akt by inducing the release of 

BDNF via the CREB-signaling pathway (Bhave et al., 1999). Furthermore, growth factor 

stimulation and NMDA receptor activity lead to a robust increase in phosphorylation of 

GluN2C subunit of NMDARs on serine 1096 by Akt (B. S. Chen & Roche, 2009). 

Intriguingly, this results in increased surface expression of GluN2C-containing NMDARs 

mediated by 14-3-3 trafficking, which promotes neuronal survival following NMDA-

induced toxicity in cerebellar granule neurons (Figure 14). In regards to ischemia, 

stimulation of the PI3K/Akt pathway via NMDARs has also been shown to be 

neuroprotective to vulnerable hippocampal neurons following global cerebral ischemia 

in rats (Endo et al., 2006). Moreover, several downstream targets of Akt have been 
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identified, which provides a clearer picture of Akt-mediated neuronal survival 

mechanisms. For example, activated Akt phosphorylates B-cell lymphoma 2 (Bcl2)-

associated death promoter (BAD), a pro-apoptotic Bcl-2-family member, which triggers 

sequestration of BAD by 14-3-3 proteins (Yano et al., 1998), a family of regulatory 

molecules known to play an essential role in inhibiting apoptosis (Masters & Fu, 2001a). 

Other downstream targets of Akt have been implicated in neuronal survival pathways. 

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine protein kinase that is one of 

several known substrates of Akt, that when phosphorylated becomes inhibited and 

promotes neuronal survival (Cross et al., 2001). A Forkhead transcription factor (FKHR) 

is another substrate for Akt that when inhibited can promote cell survival. One group 

demonstrated that following transient forebrain ischemia, reduced Akt activation 

resulted in decreased FKHR phosphorylation, which contributed to the delayed neuronal 

death seen in the CA1 hippocampal region (Kawano et al., 2002). Finally, Akt has the 

ability to translocate from the plasma membrane to the nucleus following activation, 

which suggests that many of its targets are nuclear proteins as well (Andjelkovic et al., 

1997). Taken together, there is much evidence for the neuroprotective role of Akt 

mediated by NMDARs.  

 As previously mentioned, NMDAR activation results in phosphorylation of CREB 

and activation of its co-activator CREB-binding protein (CBP), resulting in increasing 

downstream transcription of CREB-responsive genes that influence neuronal survival 

(Figure 5). CREB acts as a substrate for depolarization-activated CaMK I and II and is 

phosphorylated at serine 133 (Sheng et al., 1991). Moreover, a second regulatory event 
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is triggered by nuclear Ca2+ which leads to transcriptional activation. Following synaptic 

NMDAR activation, an increase in nuclear Ca2+ occurs and CaMKIV is activated, which 

controls CBP function and CBP-regulated gene transcription (Chawla et al., 1998). 

NMDAR-mediated activation of CREB also involves the slower-acting ERK-mediated 

activation of the p90 ribosomal S6 kinase Rsk-2, which phosphorylates CREB and 

induces c-fos transcription (De Cesare et al., 1998). ERK1/2 is activated by a spatially 

restricted pool of Ca2+ near NMDARs (Hardingham et al., 2001). Activation of the 

ERK1/2 cascade propagates a signal from the synapse to the nucleus, which can then 

prolong the transcriptionally active state of CREB and lead to gene transcription (Figure 

5). Activating transcription factor 3 (ATF3), which acts as a transcriptional repressor for 

death-signaling genes, has also been shown to be an important direct target for CREB 

(S. J. Zhang et al., 2011). ATF3 protects cultured hippocampal neurons from 

apoptosis and extrasynaptic NMDAR-induced cell death triggered by bath application of 

NMDA or oxygen-glucose deprivation. Of the many genes transcriptionally regulated by 

CREB, one of the primary genes critical for neuronal survival is BDNF. Furthermore, 

selective activation of GluN2A-containing NMDARs increases activity-dependent BDNF 

gene expression (Q. Chen et al., 2007). One study also suggests that BDNF production 

induced by NMDAR stimulation results in a positive feedback loop, whereby BDNF 

binds to and activates tropomyosin receptor kinase B (TrkB) receptors and stimulates 

further BDNF expression (Jiang et al., 2005). There is much evidence to support the 

idea that BDNF is strongly neuroprotective following ischemia (Hofer & Barde, 1988) 

and exogenous BDNF application protects the brain from focal ischemic stroke injury (Y. 
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Zhang & Pardridge, 2001). What’s more is that BDNF expression reflects the brain’s 

compensatory response mechanism to excitotoxic injury. Following photochemical 

stroke induction, BDNF mRNA levels rise 4 hours post-stroke in the ipsilateral 

hemisphere, and applying MK-801, an NMDAR antagonist prevents this increase 

(Comelli et al., 1992).    

1.3.6.4. Death signaling pathways 

 While there are intrinsic survival promoting mechanisms following NMDAR 

stimulation, simultaneous NMDAR-mediated death signaling pathways are activated 

that can override survival signaling, leading to cell death following pathological NMDAR 

activation. For example, the phosphatase and tensin homolog deleted on chromosome 

ten (PTEN) pathway mediates apoptosis and specifically forms a death-signaling 

complex with GluN2B-containing NMDARs in the hippocampus following transient 

global cerebral ischemia (Ning et al., 2004). Downregulating PTEN reduces surface 

expression of NMDARs and increases Akt/Bad phosphorylation, subsequently resulting 

in reduced cell death following ischemic neuronal injury. An additional step in the PTEN 

pathway involves nuclear translocation of PTEN following excitotoxic NMDAR 

stimulation, a process requiring mono-ubiquitination at the lysine 13 (K13) residue (S. 

Zhang et al., 2013). Inhibiting the ubiquitination of K13 using a short interfering peptide 

6 hours following focal ischemia was able to protect against ischemic injury.   

 Another death-signaling protein that is responsible for NMDAR-induced cell 

death is a calcium calmodulin-regulated serine/threonine protein kinase called death 

associated protein kinase 1 (DAPK1). Under normal conditions, DAPK1 is inactive and 
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found in its phosphorylated state. However, following oxygen glucose deprivation, 

DAPK1 becomes dephosphorylated and activated via NMDAR-mediated calcineurin 

activation (Shamloo et al., 2005). Inhibiting NMDARs with MK-801 prevents the 

activation of DAPK1. The group also demonstrates that selective DAPK1 inhibition is 

neuroprotective in both in vitro and in vivo ischemic models. DAPK1 is also physically 

coupled directly to the C-terminal tail of GluN2B NMDARs (Tu et al., 2010). Following 

cerebral ischemia, DAPK1 is recruited into the GluN2B protein complex where it 

phosphorylates GluN2B at serine 1303 and enhances GluN2B channel conductance. 

Moreover, genetic deletion of DAPK1 or disrupting GluN2B-DAPK1 interaction using a 

peptide inhibitor, Tat-NR2B-CT, protects neurons against ischemic cell death.   

 Another underlying mechanism for NMDAR-mediated cell death involves the 

postsynaptic density protein PSD-95/neuronal nitric oxide synthase (nNOS) pathway. All 

four GluN2 subunits bind directly to PSD-95 (Kornau et al., 1995) via PDZ 1 and 2 

domains. The N-terminus of nNOS, which also contains a PDZ protein motif, interacts 

with PSD-95 (Brenman et al., 1996) and nNOS subsequently is targeted to the 

membrane. Activation of nNOS depends on its association with PSD-95 and on 

NMDAR-mediated calcium influx (Sattler et al., 1999). nNOS activation is known to 

contribute to glutamate induced neuronal death because it is a major source of 

superoxide anion, which reacts with the free radical form of nitric oxide to form the 

highly reactive molecule peroxynitrite (Y. Xia et al., 1996). This reaction then triggers 

lipid peroxidation and damage. Preventing superoxide formation prevents nNOS-

dependent cell death following glutamate-mediated excitotoxicity (Dawson et al., 1993). 
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Moreover, cortical cultures from nNOS deficient mice displayed resistance to 

neurotoxicity (Dawson et al., 1996). Ischemia and glutamate application induces the 

translocation of nNOS from the cytosol to the membrane via its interaction with PSD-95 

(L. Zhou et al., 2010). Uncoupling the interaction between PSD-95 and nNOS using a 

peptide inhibitor targeting the PSD-95 binding site on nNOS was shown to be 

neuroprotective following ischemia, by reducing the production of nitric oxide (NO) and 

inhibiting lactate dehydrogenase release. The identification of a novel compound that 

targets this pathway has been developed and may be a useful therapeutic strategy to 

treat stroke (L. Zhou et al., 2010). Another therapeutic treatment that has gained some 

promising clinical success involves inhibiting the interaction between PSD-95 and 

GluN2B and nNOS (Aarts et al., 2002). PSD-95 binds via its second PDZ domain to 

both the C-terminus of GluN2B and nNOS, thus serving as a critical link between 

NMDARs and nNOS. Tat-NR2B9c is a peptide that was generated comprising the nine 

C-terminal residues of GluN2B that binds to PDZ2 domain of PSD-95 and in order to be 

cell-permeant, was fused to human immunodeficiency virus–type 1 (HIV-1) Tat protein. 

Administering Tat-NR2B9c (also called NA-1) following NMDA-induced toxicity in vitro 

and stroke in vivo significantly attenuated ischemic neuronal damage (Aarts et al., 

2002). This initial promising study led to further investigation in non-human primates 

(Cook et al., 2012) and ultimately in human clinical trials (Hill et al., 2012). In the 

preclinical trials, primates treated with Tat-NR2B9c after inducing embolic stroke 

exhibited reduced numbers and volumes of strokes (Cook et al., 2012). Currently in 

phase 2 clinical trials, the drug was proven to be safe and effective in patients with 
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iatrogenic stroke after endovascular aneurysm repair (Hill et al., 2012). These exciting 

results suggest that neuroprotection based on NMDAR-subunit specific signaling in 

human ischemic stroke is possible and that it should be pursued in larger human clinical 

trials. Furthermore, it holds promise as a targeted therapy, specifically disrupting an 

excitotoxic interaction while not compromising the normal physiological function of 

NMDAR and nNOS signaling.     

 In terms of biochemical mechanisms, NMDAR-nNOS signaling results in NO 

production, which can modulate the biological activity of many proteins by a post-

translational modification called S-nitrosylation. This process increasingly occurs 

following ischemia, as disulfide bonds on target proteins are reduced into free cysteine 

thiol-groups and nitric oxide is covalently attached (Takahashi et al., 2007). Excessive 

NO contributes to ischemic cell death via S-nitrosylation. For example, nNOS-

associated S-nitrosylation of matrix metalloproteinase-9 (MMP-9) develops following 

middle cerebral artery occlusion, and this enzymatic activation results in neuronal 

apoptosis (Gu et al., 2002). Moreover, NMDAR and nNOS activation following global 

cerebral ischemia results in S-nitrosylation of GluK6 subunit of the kainate receptor 

family and promotes the assembly of the receptor with PSD-95 and downstream 

activation of c-Jun N-terminal kinase (JNK) signaling pathway, which ultimately results 

in cell death (Yu et al., 2008). This signaling mechanism was inhibited by application of 

ketamine, an NMDAR antagonist, suggesting S-nitrosylation of GluK6 is NMDAR-

dependent. Recently, NMDA exposure in vitro and transient focal cerebral ischemia in 

vivo was shown to induce S-nitrosylation of Src homology-2 domain-containing 
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phosphatase (SHP-2), a protein-tyrosine phosphatase, which inhibited its downstream 

activation of neuroprotective ERK1/2 pathway (Shi et al., 2013).  

    Another downstream target of NMDAR stimulation is calpain (Figure 5). 

NMDAR activation following ischemia leads to calpain activation. Calpain is a major 

neuronal Ca2+-activated cysteine protease expressed in the cytosol and at synaptic 

sites (Mellgren et al., 1989). It contains a catalytic subunit of 80kDa which binds to Ca2+ 

and a regulatory subunit of 30kDa (Sakihama et al., 1985) which is involved in cleavage 

of its substrates. NMDARs not only mediate calpain activation, but it has also been 

established that GluN2A-2C are physiological calpain substrates, and are cleaved at 

distinct C-terminal sites (Guttmann et al., 2001). Calpain cleavage of GluN2A and 

GluN2B following excessive excitotoxic NMDAR stimulation was suggested to serve a 

neuroprotective, negative feedback role in cortical neurons, as it leads to the 

downregulation of whole cell NMDAR-mediated current, and inhibiting the 

overstimulation of the receptors (Wu et al., 2005). It was also demonstrated that 

selective calpain cleavage of GluN2B-NMDARs following in vitro NMDAR 

overstimulation in mature hippocampal neurons and in vivo global cerebral ischemia 

results in a decrease in full-length GluN2B and GluN2B co-assembled with GluN2A 

(represented as total GluN2A/2B), but not GluN2A by itself (Simpkins et al., 2003). It 

has been suggested that synaptic GluN2A NMDARs are shielded from calpain cleavage 

via its interaction with the anchoring protein PSD-95 (Yuen et al., 2008). Applying a 

peptide inhibitor to disrupt the interaction between GluN2 subunits and PSD-95 

sensitizes the receptors to calpain cleavage and results in increased levels of cleaved 
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GluN2 fragments. Despite the limited cleavage of synaptic NMDARs due to PSD-95 

sensitization, calpain mainly proteolyzes extrasynaptic GluN2B NMDARs. Following 

glutamate overstimulation, there is an increase in large 115 kDa truncated fragments of 

GluN2B expressed at the cell surface, which is suggested to be functionally active 

receptors (Simpkins et al., 2003). Interestingly, calpain-mediated cleavage of NMDARs 

in hippocampal neurons does not alter the overall density of NMDAR-mediated currents, 

suggesting that GluN2B truncated receptors are indeed functional receptors (Dong et 

al., 2006). However, calpain activation moderately alters kinetic gating properties, 

reducing the NMDA-evoked current rise time and prolonging time constants for both 

desensitization and deactivation, consistent with the idea that calpain indeed promotes 

negative feedback to dampen excessive NMDAR activity following excitotoxicity. 

Moreover, applying a calpain inhibitor to NMDA-treated cortical neurons results in 

reduced apoptotic cell death, suggesting calpain has a neuroprotective effect against 

NMDA-induced excitotoxicity (Yuen et al., 2008).   

 The survival promoting effect mediated by calpain is counteracted by death 

signaling of other downstream calpain substrates. For example, GluN2B-mediated 

activation of calpain results in cleavage of p35, the regulatory activator for cyclin-

dependent kinase 5 (cdk5), leading to the generation of p25 which is found in elevated 

levels following ischemia (M. S. Lee et al., 2000). Binding of p25 to Cdk5 constitutively 

activates Cdk5 and causes the protein to be mislocalized, leading to cytoskeletal 

disruption, morphological degeneration, and apoptotic cell death of neurons (Patrick et 

al., 1999). Interestingly, differential stimulation of synaptic vs. extrasynaptic NMDARs 
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can stimulate opposing pathways involving STriatal-Enriched tyrosine Phosphatase 

(STEP) (Xu et al., 2009), a tyrosine phosphatase important in regulating synaptic 

plasticity (Braithwaite et al., 2006). Activation of extrasynaptic NMDARs causes STEP61 

(splice variant of STEP) cleavage into STEP33 which causes neuronal death via different 

mechanisms, such as preventing NMDAR endocytosis and activating the stress protein 

p38 MAPK (Xu et al., 2009) (Figure 5). Synaptic NMDAR activation on the other hand 

results in ubiquitination and degradation of STEP61, which leads to the phosphorylation 

and activation of survival-promoting ERK1/2.    
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Figure 5. NMDAR subtype determination of cell death or survival.  

NMDAR subunit composition is critical in determining ischemic neuronal death or 

survival. Activation of GluN2A-containing NMDARs (which are the predominant subunit 

at synaptic sites) leads to downstream survival signaling mechanisms, such as 

activation of ERK1/2 and Akt. In contrast, activation of GluN2B-containing NMDARs 

(predominant at extrasynaptic sites) results in death signaling cascades, such as 

activation of calpain, PTEN and calcineurin. (Bartlett & Wang, 2013) 
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1.3.7. Gap in current knowledge base 

While a number of studies have explored the role and trafficking properties of 

GluN2A and GluN2B, the predominant subunits in the forebrain (Wenzel et al., 1997b), 

less is currently understood about GluN2C-containing NMDARs. Although GluN2C is 

most highly enriched in the granule layer of the cerebellum and thalamus (Wenzel et al., 

1997b), more recent evidence has revealed novel regional expression patterns of 

GluN2C in forebrain areas (Karavanova et al., 2007a). Starting from P12 GluN2C can 

be seen in the neocortex, hippocampus and caudate putamen, areas of the brain that 

are critical for voluntary control and learning and memory. The precise role and 

regulation of GluN2C in these areas are not well understood. Therefore, we first wanted 

to address how GluN2C is trafficked to the plasma membrane in forebrain neurons to 

facilitate glutamatergic neurotransmission. We hypothesize that 14-3-3 proteins are 

critically involved in forward trafficking mechanisms of GluN2C and therefore aim to 

characterize the interaction and function of the interaction. Further understanding 14-3-3 

isoform-specific interaction with GluN2C could lead to the development of targeted 

peptide therapy to manipulate this interaction under pathological conditions. 

Major efforts in recent years have focused on understanding how NMDAR 

subunit diversity controls opposing roles in cell survival and death following cerebral 

ischemia in order to develop targeted therapeutics. Among the different NMDAR 

subunits, GluN2C-containing NMDARs are the least well-understood in terms of its role 

and regulation following ischemia. In a previous published study, it was demonstrated 

that GluN2C surface expression is neuroprotective against NMDA-induced toxicity in 



47 
 

  

cerebellar granule cells (B. S. Chen & Roche, 2009). Cultured cerebellar granule cells 

were co-transfected with vector, GFP-GluN2A, GFP-GluN2B or GFP-GluN2C and 

DsRed. At 6 DIV, the neurons were incubated with 200 μM NMDA to induce 

excitotoxicity and time-lapse imaging was performed. Neurons overexpressing GluN2A 

or GluN2B developed cell body swelling and dendritic varicosities within 5 min following 

NMDA treatment (Figure 6A). Neurons expressing DsRed alone also showed swelling 

of the cell body and localized dendritic varicosities, although not as rapidly as neurons 

expressing GluN2A or GluN2B. In sharp contrast, GluN2C expressing neurons were 

protected from the NMDA-induced toxicity. Moreover, mutating the amino acid site 

serine 1096 to alanine (S1096A) within GluN2C that mediates the interaction with 14-3-

3ε prevented this neuroprotective effect (Figure 6B). These results suggest that 14-3-3ε 

interaction with GluN2C mediates neuroprotection against NMDA-induced toxicity in 

cerebellar granule cells. Interestingly, two separate groups have reported that GluN2C 

mRNA levels increase in the hippocampus and cortex following oxygen glucose 

deprivation, an in vitro model of ischemia (Perez-Velazquez & Zhang, 1994; Small et al., 

1997). However, the role of GluN2C upregulation following ischemia is not known. In the 

current study, we hypothesize that GluN2C is upregulated in the hippocampus following 

ischemia to serve a neuroprotective function.  
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Figure 6. GluN2C surface expression is neuroprotective in cerebellar granule 

cells and disruption of 14-3-3ε binding prevents neuroprotective effects.  

A, Cerebellar granule cells were co-transfected with DsRed and vector, GFP-GluN2A, 

GFP-GluN2B or GFP-GluN2C. Time-lapse imaging was performed during exposure to 

NMDA (200 µM). DsRed was used to visualize the changes in cell morphology of 

transfected neurons. NMDA treatment resulted in cell body swelling and dendritic 

varicosities of neurons expressing DsRed alone, GluN2A and GluN2B. Scale bar = 20 
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μm. Data shown are representative of four independent experiments. B, Cerebellar 

granule cells were co-transfected with DsRed and GFP-GluN2C WT or GFP-GluN2C 

S1096A. The images shown are representative of healthy and sick neurons. The data 

were quantified by measuring percentage of GluN2C-expressing neurons with dendritic 

fragmentation or varicosities. Data represent means ± SEM (n=3) (*, P < 0.05). (B. S. 

Chen & Roche, 2009) 
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2. Materials and Methods 

2.1. cDNA constructs and site-directed mutagenesis  

 The human full-length 14-3-3 cDNA isoforms (ζ, ϒ, τ, ε, η, β, and σ) and 

enhanced cyan fluorescent protein (pECFP) tagged difopein in pSCM137 vector were 

kindly provided by Haian Fu (Emory University). 14-3-3 constructs were amplified by 

PCR, and subcloned into the Gal4 activation domain-fusion vector pGAD10 and pCMV-

Myc (BD Biosciences) using the In-Fusion® HD Cloning Kit (Clontech, CA). Full-length 

GluN2C in the mammalian expression vector pRK5 was epitope tagged with the 

3xFLAG (DYKDHDGDYKDHDIDYKDDDDK) epitope between amino acid 36 and 37 

using site-directed mutagenesis (Stratagene, La Jolla, CA). The GluN1-1a-IRES-DsRed 

plasmid was constructed by subcloning GluN1-1a into pIRES2-DsRed vector (BD 

Biosciences). Super Ecliptic pHluorin (SEP)-GluN2C construct was generated by 

cloning full-length rat GluN2C into the mammalian expression vector pRK5 and tagged 

with SEP between amino acids 36 and 37. SEP-GluN2A and SEP-GluN2B were kindly 

obtained from Roberto Malinow (UC San Diego). The SEP protein is in the extracellular 

N-terminus of the GluN2 subunit and exposed to an acidic intracellular vesicular 

environment until exocytosed into the plasma membrane. Once exposed to the neutral 

(7.4 pH) extracellular environment, there is an increase in fluorescence. All mutations 

were generated by site-directed mutagenesis. All cDNA constructs used were verified 

by DNA sequencing. 

2.2. Yeast two-hybrid assay 

 Yeast two-hybrid assay was performed using the L40 yeast strain (MATa 
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HIS3D200 trp1–901 leu2–3,112 ade2 LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ 

GAL4) as described previously (Wei et al., 2015). Briefly, constructs in LexA-fusion 

vector pBHA (TRP1 plasmid) and the Gal4 activation domain fusion vector pGAD10 

(LEU2 plasmid) were co-transformed into L40 yeast. After transformation, the yeast 

were plated in synthetic complete medium lacking leucine and tryptophan. Three 

independent yeast colonies were selected and assayed for expression of the reporter 

HIS3 gene in synthetic complete medium lacking leucine, tryptophan, and histidine. 

2.3. Immunoprecipitation and Western blot 

 The crude synaptosome (P2) fraction from acute hippocampal slices was 

prepared as described previously (B. S. Chen & Roche, 2009). The isolated membrane 

fraction was immunoprecipitated with rabbit polyclonal GluN2C antibodies (Chemicon) 

overnight at 4°C and then incubated with Protein A magnetic beads (Dynabeads) and 

1μg/ml BSA for 1 hr at 4°C and washed with 1% Triton X-100 in PBS containing 

protease inhibitor cocktail (Pierce). Immunoprecipitates were resolved by 6% SDS-

PAGE and immunoblotted with mouse monoclonal GluN2C antibodies (NeuroMab). 

Antibody specificity was tested using mouse cerebellum lysate from GluN2C-/- and 

GluN2C+/+. The experiment was repeated three times and quantified using ImageQuant 

software. A ratio of GluN2C protein to α-tubulin loading control was determined.  

2.4. Co-immunoprecipitation  

 HEK-293LTV cells were transiently transfected with GFP-GluN2C, GluN1-1a-

IRES-DsRed and Myc-14-3-3ɛ (positive control), Myc-14-3-3ζ WT, Myc-14-3-3ζ 

S145A/Y178H/C189I, Myc-14-3-3σ WT, Myc-14-3-3σ A147S/I191C, or empty Myc 
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vector (negative control). 48 hours post transfection, cells were resuspended in cold 

PBS lysis buffer (pH 7.4, containing Pierce Protease and Phosphatase Inhibitor mini 

tablets, 1mM EDTA), lysed by sonication and centrifuged for 20 min. The resulting pellet 

was solubilized using 0.5% SDS in PBS for 15 min at 37°C. Five volumes of PBS 

containing 2% Triton-X 100 (TX-100) were added to the lysate resulting in a final 

concentration of 0.1% SDS. Insoluble material was removed by centrifugation for 15 

min. The isolated membrane fraction was immunoprecipitated with anti-GFP antibodies 

overnight at 4°C and then incubated with Protein A magnetic beads (Dynabeads) for 1 

hr at 4°C and washed with 0.05% SDS/1% TX-100 in PBS. Immunoprecipitates were 

resolved by 10% SDS-PAGE and immunoblotted with anti-Myc antibodies to detect 14-

3-3 and anti-GFP antibodies to detect GluN2C. The experiment was repeated three 

times and quantified using ImageQuant software. A ratio of immunoprecipitated 14-3-3 

protein to input (2% of total lysate) was determined. The average normalized ratio is 

shown.      

2.5. HeLa cell culture and transfection 

 HeLa cells used for transient transfections were maintained in DMEM 

supplemented with 10% fetal calf serum (Invitrogen) and 2 mM glutamine and kept at 

37°C and 5% CO2. Cells were plated 30% confluent in six-well dishes containing glass 

coverslips for 24h. On the day of transfection, GFP-GluN2C, GluN1-1a-IRES-DsRed, 

and Myc-14-3-3 constructs were cotransfected into cells using the calcium phosphate 

method for 16 hr. Then the cells were cultured in fresh medium for an additional 20 hr 

for staining and subsequent immunocytochemistry experiments. 
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2.6. Primary culture of hippocampal neurons and transfection 

 Primary hippocampal cultures were prepared from embryonic day 18 (E18) 

Sprague Dawley rats as previously described (B. S. Chen et al., 2012). Briefly, 

hippocampal tissue was dissociated with trypsin and plated on poly-D-lysine-coated 

coverslips at a density of 2 X 106 cells/ml. The cells were cultured in Neurobasal 

medium supplemented with B27 and L-glutamine (all from Invitrogen). The cultures 

were maintained at 37°C in 5% CO2. Cells were transfected at 13 days in vitro (DIV) 

using Lipofectamine (Lipofectamine 2000; Invitrogen). Immunocytochemistry 

experiments were performed at DIV15. 

2.7. Immunocytochemistry 

 Cells were stained using the following antibodies in PBS containing 3% normal 

goat serum (NGS) for 30 min: rabbit polyclonal anti-GFP (1:1000, Invitrogen), mouse 

monoclonal anti-FLAG M2 (1:1000, Sigma), mouse monoclonal anti-Myc (1:1000, Santa 

Cruz) and mouse monoclonal anti-synaptophysin (1:1000, Sigma). Images were 

collected using a Zeiss LSM 700 confocal microscope using 40x and 63x objectives, 

and series of 0.5μm optical sections were captured through the z axis and used to 

create maximum projection images. For quantitative analysis, images from three 

dendrites per neuron (three to four neurons per experiment, three to four independent 

experiments from separate neuronal cultures) were collected and quantitated using 

ImageJ software. For surface labeling, cells were incubated with anti-GFP or anti-FLAG 

antibodies for 30 min to label the surface pool of receptors, washed with PBS, fixed in 

4% paraformaldehyde in PBS for 15 min, and incubated with Alexa 647-conjugated 
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secondary antibodies (Invitrogen) in PBS/3% NGS for 30 min. Cells were then 

permeabilized with 0.25% Triton-X 100 in PBS, incubated with anti-GFP or anti-FLAG 

antibodies to label the intracellular pool of receptors and anti-Myc to label Myc-14-3-3, 

and incubated with Alexa 488- and 405-conjugated secondary antibodies respectively 

(Invitrogen). The fluorescence signal of GFP-tagged GluN2C is very low to nearly 

nonexistent (data not shown). Therefore, any non-immunolabeled GFP-GluN2C signal 

will have minimal effect on quantification of surface/intracellular GFP-GluN2C receptors. 

The cells were washed and mounted on glass slides with ProLong® Gold Antifade 

mounting medium (Molecular Probes). Surface fluorescence intensity was divided by 

intracellular fluorescence intensity to control for the GluN2C protein expression level. 

For surface receptor co-localization analysis with synaptophysin, cells were incubated 

with either polyclonal anti-GFP or anti-FLAG antibodies (depending on the cDNA 

expressed) for 30 min, washed with PBS, fixed in 4% paraformaldehyde in PBS for 15 

min, and incubated with Alexa 647- (for labeling surface GluN2C). Cells were then 

permeabilized and labeled with anti-synaptophysin and Alexa 568-conjugated 

antibodies. The cells were washed and mounted as described above. Measurements 

from individual dendritic regions were first grouped and averaged; means from different 

neurons in each group were then averaged. Receptor puncta distribution was analyzed 

for colocalization with synaptophysin (defined as having overlapping or adjacent pixels).  

2.8. Immunofluorescent internalization assay in HeLa cells 

 Receptor endocytosis was analyzed using a fluorescence-based antibody uptake 

assay, as previously reported (Lavezzari et al., 2004; Suh et al., 2008) with minor 
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changes. Transfected cells were incubated with anti-GFP antibody for 30 min on ice, 

washed 3 times with PBS, and returned to conditioned media at 37°C for 30 min to 

allow internalization. The subsequent steps were performed at room temperature. The 

cells were washed 3 times in PBS, fixed in 4% paraformaldehyde-4% sucrose in PBS 

for 15 min, blocked with 10% Normal Goat Serum (NGS from Vector Laboratories, 

Burlingame, CA) in PBS for 30 min and incubated with Alexa 647-conjugated anti-rabbit 

secondary antibodies (Invitrogen) for 30 min for labeling the surface population. The 

cells were then washed 3 times, permeabilized in 0.25% Triton X-100 in PBS for 5 min, 

blocked with 10% NGS in PBS for 1 hr and incubated for 30 min with mouse 

monoclonal anti-Myc antibody (1:1000, Santa Cruz) to label Myc-14-3-3 transfected 

cells. The cells were then incubated with Alexa 405-conjugated anti-mouse secondary 

antibody for labeling Myc-14-3-3 and Alexa 488-conjugated anti-rabbit secondary 

antibody to specifically label the internalized population of receptors. The cells were 

washed in PBS and mounted on glass slides with ProLong® Gold Antifade mounting 

medium (Molecular Probes) for imaging analysis. 

2.9. Animals 

In vivo experimental procedures were performed on adult male GluN2C−/− 

(NR2CnlacZ) and GluN2C+/+ (WT) littermate mice (Karavanova et al., 2007a) at 10-12 

weeks of age. GluN2C−/− mice (Mutant Mouse Resource & Research Centers, Stock #: 

030658-UNC) were originally created on a mixed strain genetic background consisting 

of 129/SvJ, Swiss black, FVBN and C57BL/6. We crossed homozygous KO mice 

(GluN2C−/−) with C57BL/6J mice to obtain heterozygous GluN2C+/− mice (backcrossed 
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until approximately 97% C57BL/6J genetic background), and then bred the GluN2C+/− 

mice with each other to generate littermates of GluN2C−/− and GluN2C+/+ mice. Prior to 

surgical procedures, animals were handled by the experimenter for 5 days (5 min per 

day) at the approximate time of the day behavioral tests were to occur. On the day of 

experiment, mice were placed in the test room >1 hr before tests. All procedures took 

place in the light phase of the light-dark cycle. Mice were genotyped using RED Extract-

N-Amp Tissue PCR Kit (Sigma-Aldrich, St. Louis, MO).  

2.10. Global cerebral ischemia (GCI) 

All mice (except sham control) underwent transient bilateral common carotid 

artery occlusion (termed GCI), performed as previously described (Sareddy et al., 2015) 

(Zhen & Dore, 2007) with minor modifications. Briefly, anesthesia was induced with 

2.0% isoflurane (Isothesia) driven by 100% O2 flow for 2 min. Anesthesia was 

maintained during surgery with 1.5% isoflurane and further reduced to 1.0% isoflurane 

during occlusion using an inhalation mask. After midline cervical incision, both common 

carotid arteries (CCAs) of the mice were identified and separated. A silk suture was 

placed loosely around each artery and the vessels were occluded using micro vessel 

clips (World Precision Instruments) to induce 15 min cerebral ischemia. The clips were 

then removed (right side first) and the blood flow through the arteries was confirmed 

before the wound was closed. Rectal temperature was maintained at 37 ± 0.5°C 

throughout the experiment with a thermal heating pad. After blood flow was restored 

and closure of the incision, the mice were kept at 34°C for 3 hr and recovered under 

normal housing conditions for seven days. The animals of the sham group underwent 
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identical procedures except that the CCAs were exposed and not occluded. 

2.11. Behavior  

2.11.1. Open field test 

An open field test was used to detect any gross motor deficits, anxiety-like 

behavior, and exploratory behavior (Prut & Belzung, 2003). Mice were placed in the 

center of a chamber [40 cm × 40 cm × 30 cm (L × W × H)] made of wood coated with 

black plastic under the illumination of 100 lux. The floor was covered with a sawdust 

bedding material. After each trial, the sawdust was redispersed to remove odor trails. 

Each trial was recorded by a webcam (Logitech C920) and the Any-Maze software 

(Stoelting). The area of 20 × 20 cm2 in the middle of the arena was set as a center area 

in the analysis software. The tendency of a mouse to avoid this center area was used 

as an indication of anxiety level. During a 10 min observation period, distance traveled, 

mean speed, time in center zone, and distance traveled in center zone were recorded 

and analyzed.    

2.11.2. Y-maze spontaneous alternation test 

To assess cognitive deficits in short-term spatial working memory, the Y-Maze 

was performed as previously described (Prut & Belzung, 2003). The Y-maze (San 

Diego Instruments, San Diego, CA) consisted of three arms at 120° and was made of 

white plastic. Each arm was 7.5 cm wide and 38 cm long, and its three sides (except for 

the side adjoining the other arms) were surrounded by 12.5 cm high walls. The floor of 

the Y-maze was covered with a sawdust bedding material. Between each trial, the 

sawdust was mixed and dispersed to remove or randomize odor trails. Distal visual 
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cues were placed around the Y-maze. A mouse was placed in the center of the maze 

and allowed to explore for 7 min under the illumination of 100 lux. Mouse behavior was 

monitored, recorded, and analyzed by a webcam and the Any-Maze software. A mouse 

was considered to have entered an arm if the whole body (except for the tail) entered 

the arm and to have exited if the whole body (except for the tail) exited the arm. If an 

animal consecutively entered three different arms, it was counted as an alternating triad. 

Because the maximum number of triads is the total number of arm entries minus 2, the 

score of alternation was calculated as “the number of alternating triads/(the total number 

of arm entries − 2).”  

2.11.3. Rotarod test 

To evaluate sensorimotor coordination, mice were placed on an accelerating 

rotarod (Rotor-Rod System; San Diego Instruments) and assessed for ability to maintain 

balanced on the rotating bar that accelerated from 4 to 40 rpm over a 2 min period. Prior 

to testing, mice were trained for three consecutive days. Mouse latency to fall from the 

rod was recorded and mean time spent on the rotarod over a period of three successive 

trials was scored.  

2.12. Immunohistochemistry and neuronal viability analysis 

Following the observation period, brains from mice were fixed by cardiac 

perfusion with 4% PFA in PBS followed by overnight fixation in 4% PFA in PBS at 4°C. 

Brains were then incubated for 24 hr in 30% sucrose in PBS, followed by 24 hr in 20% 

sucrose in PBS at 4°C before freezing and sectioning on a Cryo-microtome. Free-

floating sections (30 μm) were incubated in blocking solution (5% BSA in PBS) for 2 hr 
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at room temperature followed by primary antibody incubation overnight at 4°C. Chicken 

polyclonal (AbCam) antibodies against beta Galactosidase (β-gal) were used in 

combination with mouse monoclonal NeuN (Millipore) antibodies at a 1:500 dilution. All 

primary antibodies were diluted in PBS with 0.25% Triton X-100. After primary antibody 

incubation, sections were washed at 3 × 5 min at room temperature followed by 

incubation of secondary antibodies conjugated to Alexa Fluor 488 (Life Technologies) 

and Cy3 (Millipore) used at a 1:500 dilution for 2 hr at room temperature. Sections were 

then washed with PBS at 3 × 5 min and then mounted on glass slides with ProLong® 

Gold Antifade mounting medium (Molecular Probes) for imaging analysis. Images were 

collected using a Zeiss LSM 700 confocal microscope using 10×, 40× and 63× 

objectives, and series of 0.05-1 μm optical sections were captured through the z-axis 

and used to create maximum projection images.  

For quantitative neuronal viability analysis, the number of NeuN-positive CA1 

neurons per 320 μm length of the medial CA1 pyramidal cell layer was counted 

bilaterally in five sections per animal. The lower value between bilateral hemispheres 

was averaged across sections to provide the mean value. A mean ± SE was calculated 

from the data in each group and statistical analysis performed as described below.  

2.13. Oxygen Glucose Deprivation (OGD) 

We used a similar OGD model to replicate the insult conditions as previously 

described (Perez-Velazquez & Zhang, 1994; Small et al., 1997) with minor 

modifications. Male 35 – 45 d old Sprague Dawley rats were anesthetized with 

isoflurane vapor and decapitated. Their brains were quickly (<1 min) removed and 
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placed in 4°C slicing saline solution consisting of (in mM): 108 NaCl, 2.5 KCl, 5 MgSO4, 

45 NaHCO3, 12 Glucose, 0.5 Ascorbate, 0.5 CaCl2, 1 NaH2PO4 bubbled with 95% 

O2/5% CO2.  The hippocampi were dissected and 400 μm transverse acute slices 

immersed in cold slicing saline solution were prepared using a Vibratome (Leica VT 

1200S). Slices were placed onto floating mesh platforms in covered incubation 

chambers (100 ml) such that the slices were submerged in 34°C (continuously bubbled 

with 95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) consisting of (in mM): 127 

NaCl, 2 KCl, 10 glucose, 1.2 KH2PO4, 26 NaH2CO3, 2 MgSO4, 2 CaCl2. After 90 min 

recovery, slices were subjected to either OGD or normoxic conditions. For OGD 

conditions, slices were transferred to a chamber containing 85% N2/5% CO2/10% H2 

bubbled ACSF with 0mM glucose and replaced with sucrose equimolarly. Following 

OGD challenge, slices were reperfused with normal oxygenated ACSF for 90 min (for 

mRNA analysis) or 3 hr (for protein analysis).    

2.14. RNA extraction and quantitative real-time PCR 

RNAs from acute hippocampal slices were isolated using the TRI Reagent 

procedure (Invitrogen) according to manufacturer’s protocol. 2 μg of RNA was treated 

with RQ1 RNase-Free DNase and RNase inhibitor (Promega), and the purity and 

concentration was verified with NanoDrop 2000 Spectrophotomer (Thermo Scientific). 

Single-stranded cDNA was synthesized from 2 μg extracted RNA with SuperScript III 

First-Strand Synthesis System (Invitrogen). The SsoAdvanced SYBR Green Supermix 

Reagent (Bio-Rad) and CFX96 TouchTM Reak-Time PCR Detection System (Bio-Rad) 

was subsequently used for quantitative real-time PCR. and samples were analyzed for 
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the expression of 4 target genes of interest: GluN2A (forward primer 5’-

AGGACAGCAAGAGGAGCAAG-3’, reverse primer 5’-ACCTCAAGGATGACCGAAGA-

3’, product size: 174 bp), GluN2B (forward primer 5’-

TGAGTGAGGGAAGAGAGAGAGG-3’, reverse primer 5’-

ATGGAAACAGGAATGGTGGA-3’, product size: 249 bp), GluN2C (forward primer 5’-

GGGCTCCTCTGGCTTCTATT-3’, reverse primer 5’-GACAACAGGACAGGGACACA-3’, 

product size: 162 bp) and β-actin used as a loading control (forward primer 5’-

TGACAGGATGCAGAAGGAGA-3’, reverse primer 5’-TAGAGCCACCAATCCACACA-

3’, product size: 104 bp). Each experiment included a template-free control. A standard 

curve for each gene was generated by serial dilutions of a standard. The PCR products 

were analyzed by the DNA melting curve. The experiements were repeated three times 

and the relative quantities of PCR products were estimated with respect to the amount 

of β-actin product using the ΔCt method: (2Ct of β-actin − Ct of Target Gene) × 100. 

2.15. In vitro neurotoxicity assay 

Hippocampal neurons were subjected to neurotoxicity as previously described 

(B. S. Chen & Roche, 2009). At DIV13, primary hippocampal cells cultured in glass 

chamber slides (Lab-Tek) were transfected with DsRedE2 and pRK5, SEP-GluN2A, 

SEP-GluN2B, or SEP-GluN2C. After transfection, the cultures were maintained in the 

original medium. At DIV15, the medium was replaced with standard HEPES-buffered 

saline solution (7.4 pH) containing (in mM): 116 NaCl, 5.4 KCl, 0.80 MgSO4, 1.01 

NaH2PO4, 25 NaHCO3, 12 HEPES, 5.5 D-glucose, 1.8 CaCl2. Time-lapse imaging was 

performed for 25 min following 200μM NMDA (Tocris Bioscience) treatment and images 
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collected every 2.5 min. Confocal images were acquired using either 40× or 63× 

objective. Serial optical sections were obtained at 0.5 - 1 μm intervals. Neurotoxicity 

was determined by the cell morphology (cell body swelling and dendritic varicosities) 

visualized by DsRedE2 fluorescence. Receptor spine/dendritic segment enrichment was 

determined as previously described (Kopec et al., 2006). Enrichment of receptors on 

spines is defined as (spine green/spine red fluorescence)/(dendrite green/dendrite red 

fluorescence). 

2.16. Calcium imaging 

Oregon Green 488 BAPTA-1, AM (Molecular Probes by Life Technologies) was 

used in accordance with the manufacturer’s protocol to detect Ca2+ influx following 

NMDA application. Briefly, a 10 μM working solution was freshly prepared on the day of 

the experiment and applied to the cells for 30 min at room temperature. The cells were 

subsequently washed three times with ACSF and time-lapse imaging was performed for 

1 min pre-NMDA stimulation and 5 min post-NMDA stimulation and images collected 

every 5 s.  The integrated intensity of Oregon Green signal within the defined region of 

interest (cell somata) was normalized to DsRed and each frame was analyzed using the 

Time Series Analyzer plugin in ImageJ software. ΔF/F0 is defined as the normalized 

change in fluorescence intensity relative to the resting fluorescence intensity at 0 s.  

2.17. Data analysis and statistics 

Results from multiple repeats are expressed as average ± SEM. The statistical 

significance analysis for the difference between two groups was performed with 

Student’s t-test. The statistical significance analysis for the difference among multiple 
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groups was performed with One-Way ANOVA. Following ANOVA, post hoc Bonferroni 

procedure was used to determine whether the data are statistically different from each 

other with *p<0.05 or **p<0.01.     

 

 

 



64 
 

  

3. Results  

3.1. The C terminus of GluN2C interacts with 14-3-3 isoforms. 

 We assessed the 14-3-3 isoform-specific interactions with GluN2C-containing 

receptors using yeast two-hybrid direct protein-protein interaction assays. The last 175 

amino acids within the C-terminus of GluN2A, GluN2B, or GluN2C were fused to LexA 

DNA binding domain and co-transformed with the different 14-3-3 isoforms fused to 

Gal4 activation domain into yeast (Figure 7A). By evaluating yeast cell growth, we 

observed that GluN2C interacted with 14-3-3ζ, ϒ, τ, η and β isoforms with similar 

degrees of binding strength and did not interact with 14-3-3σ (Figure 7B). In contrast, 

we observed no specific binding when the C-terminus of GluN1-1a, GluN2A, or GluN2B 

was co-expressed with each 14-3-3 isoform, demonstrating that the interaction between 

14-3-3 and NMDA receptors is specific to GluN2C (Figure 8). 

3.2. GluN2C S1096 regulates GluN2C binding to 14-3-3. 

 14-3-3 interacts with its target proteins through binding to consensus 

phosphoserine-containing binding motifs. GluN2C contains two regions (1093-R-H-A-S-

L-P-1098 and 1141-R-L-P-S-Y-P-1146) that are similar to previously identified 14-3-3 

binding motifs, R-S-X-SP-X-P and R-X-X-X-SP-X-P, where X can be any amino acid and 

SP indicates a phosphorylated serine (Muslin et al., 1996; Yaffe et al., 1997). Previously, 

it was identified that 14-3-3ε binding to GluN2C isregulated by S1096 located within one 

of the two predicted 14-3-3 binding motifs on the C terminal tail of GluN2C (B. S. Chen 

& Roche, 2009). To determine whether the other 14-3-3 isoforms bind to the same 14-3-

3 binding motif in GluN2C, we examined the interaction of each 14-3-3 isoform with 
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GluN2C containing either S1096A or S1144A phosphodeficient mutation. The S1096A 

mutation disrupted the binding to all GluN2C-interacting 14-3-3 isoforms (Figure 7C). In 

contrast, GluN2C S1144A mutant had no effect on binding to all GluN2C-interacting 14-

3-3 isoforms (Figure 7C). Thus, GluN2C S1096 plays a significant role in mediating 

binding to 14-3-3s.    
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Figure 7. GluN2C C-terminus interacts with various 14-3-3 isoforms, and binding 

is regulated by S1096. 

A, Schematic representation of yeast two-hybrid constructs used, including an 

alignment of GluN2A, GluN2B, and GluN2C. GluN2C S1096 is indicated with an 

arrowhead and 14-3-3 binding motif is indicated with an arrow. The last 175 amino acids 

within the C-terminus of GluN2A, GluN2B, or GluN2C were fused to LexA DNA binding 

domain. Each 14-3-3 isoform was fused to Gal4 activation domain and used for 

subsequent yeast-two hybrid binding assay. B, Yeast were co-transformed with LexA-

GluN2C WT C-terminus and either Gal4 vector or Gal4-14-3-3ϒ, Gal4-14-3-3ζ, Gal4-

14-3-3τ, Gal4-14-3-3ε, Gal4-14-3-3η, Gal4-14-3-3β, or Gal4-14-3-3σ, and growth was 

evaluated on appropriate yeast selection medium. C, Yeast were co-transformed with 

either LexA-GluN2C S1096A or LexA-GluN2C S1144A and either Gal4 vector or Gal4-

14-3-3ε, τ, η, ϒ or β, and growth was evaluated on appropriate yeast selection medium. 
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B and C, Results shown are 10-fold serial dilutions of yeast cells. All data shown are 

representative of at least three independent experiments. 
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Figure 8. 14-3-3 isoforms do not interact with GluN2A, GluN2B and GluN1-1a 

NMDAR subunits.  

Yeast were co-transformed with LexA-GluN2A, GluN2B, or GluN1-1a WT C-terminus 

and either Gal4 vector or Gal4-14-3-3ϒ, Gal4-14-3-3ζ, Gal4-14-3-3τ, Gal4-14-3-3ε, 

Gal4-14-3-3η, Gal4-14-3-3β, or Gal4-14-3-3σ. Growth was evaluated on appropriate 

yeast selection medium. Results shown are 10-fold serial dilutions of yeast cells. Data 

shown are representative of at least three independent experiments. 
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3.3. GluN2C interaction with 14-3-3ζ is mediated by S145, Y178, and C189 on 14-

3-3ζ.  

 To identify the binding site contained within 14-3-3ζ that is required for the 

interaction with GluN2C, we generated truncated forms of wild-type (WT) 14-3-3ζ 

containing regions spanning α-helices 1-3 (a.a. 1-69), α-helices 4-6 (a.a. 70-161), or α-

helices 7-9 (a.a. 162-253) (Figure 9A). We examined the interaction of GluN2C with 

WT compared to each truncated 14-3-3ζ form using yeast two-hybrid binding assay. All 

3 of the truncated forms did not interact with GluN2C (Figure 9B). These results 

suggest that an intact 14-3-3 structure is required for its interaction with GluN2C. Since 

this initial attempt to localize binding sites was unsuccessful, we employed a different 

experimental strategy. The observation that GluN2C exclusively binds to 14-3-3ε, ζ, ϒ, 

τ, η and β isoforms but not with the σ isoform allowed us to identify putative amino acid 

residues within 14-3-3 that could mediate the interaction with GluN2C. Upon sequence 

examination, we found identical amino acid residues at analogous parts of GluN2C-

interacting 14-3-3 isoforms that are not conserved within 14-3-3σ. In previous studies, it 

has been shown that the 14-3-3ζ isoform is highly enriched in the hippocampus where 

they are upregulated and exert neuroprotective effects following excitotoxic insults 

(Brennan et al., 2013; Schindler et al., 2006). Interestingly, GluN2C has also been 

shown to be upregulated in the hippocampus following excitotoxic insults (Perez-

Velazquez & Zhang, 1994; Small et al., 1997). Therefore, we chose to focus additional 

studies on the ζ isoform.  
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Figure 9. Truncated regions of 14-3-3ζ does not interact with GluN2C. 

A, Schematic representation of 14-3-3ζ α-helical structure. Bracket indicates 

corresponding truncated regions cloned into Gal4 activation domain vector and 

subsequently used for yeast two-hybrid assay. B, Yeast were co-transformed with 

LexA-GluN2C CTD WT and either Gal4 vector or Gal4-14-3-3ζ WT, Gal4-14-3-3ζ H1-

H3, Gal4-14-3-3ζ H4-H6 or Gal4-14-3-3ζ H7-H9. Growth was evaluated on appropriate 

yeast selection medium. Results shown are 10-fold serial dilutions of yeast cells. Data 

shown are representative of at least three independent experiments. 
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To determine whether the 14-3-3 amino acid residues described above are 

required for isoform-specific GluN2C binding, we performed site-directed mutagenesis 

to replace the identified conserved amino acid residues of 14-3-3ζ by the corresponding 

amino acid residues of 14-3-3σ and examined the interaction of these 14-3-3ζ mutants 

with GluN2C using yeast two-hybrid binding assay. The interaction between 14-3-3ζ 

and GluN2C was reduced by single amino acid replacement S145A, Y178H or C189I 

compared with the WT 14-3-3ζ, whereas the other mutations had no effect on reducing 

the interaction (Figure 10A).  Furthermore, the double mutants of 14-3-3ζ 

(S145A/Y178H, S145A/C189I, or Y178H/C189I) substantially reduced the binding to 

GluN2C and the triple mutations (S145A/Y178/C189I) completely abolished the GluN2C 

binding (Figure 10B). We also assessed the interaction between GluN2C and 14-3-3 

proteins using a co-immunoprecipitation approach. As shown in Figure 10C and 

consistent with our yeast two-hybrid results, 14-3-3ε and ζ WT were effectively co-

immunoprecipitated with GFP-GluN2C from HEK-293 lysate, whereas 

S145A/Y178/C189I mutations in 14-3-3ζ significantly reduced the interaction with 

GluN2C (1.000 ± 0.046 for ζ WT and 0.291 ± 0.024 for ζ S145A/Y178/C189I); *p = 

0.044). These results suggest that Ser145, Tyr178 and Cys189 residues identical at 

analogous parts of GluN2C-interacting 14-3-3 isoforms are critical for mediating the 

isoform-specific interaction of 14-3-3ζ with GluN2C (Figure 10D).  
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Figure 10. GluN2C interaction with 14-3-3ζ is mediated by S145, Y178, and C189 

on 14-3-3ζ.  

A, Yeast were co-transformed with LexA-GluN2C WT C terminus and either Gal4-14-3-

3ζ WT or Gal4-14-3-3ζ amino acid mutants (R54S, H164N, A195T, I200M, D204H, 

S230A, D20E, V29A, K115R, E202D, E241Q, S145A, Y178H, or C189I, respectively). 

Growth was evaluated on appropriate yeast selection medium. Red box highlights 

single amino acid replacements that reduce GluN2C binding compared with the wild-

type 14-3-3ζ. B, Yeast were co-transformed with LexA-GluN2C WT C terminus and 

either Gal4-14-3-3ζ WT or Gal4-14-3-3ζ double and triple amino acid mutants 

(S145A/Y178H, S145A/C189I, Y178H/C189I, or S145A/Y178/C189I, respectively). 
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Growth was evaluated on appropriate yeast selection medium. C, HEK-293LTV cells 

were transfected with GFP-GluN2C, GluN1-1a-IRES-DsRed, and 14-3-3ζ WT or 14-3-

3ζ S145A/Y178/C189I. Receptors were immunoprecipitated from cell lysates with anti-

GFP antibodies. Immunoprecipitates were resolved by SDS-PAGE and immunoblotted 

with anti-Myc antibodies. The data were quantified by measuring co-IP/input 14-3-3 

band intensity ratios using ImageQuant software. Graph represents normalized means 

± SEM, *p < 0.05 (data normalized against 14-3-3ζ WT). All data shown are 

representative of at least three independent experiments (n = 3 separate cultures). Input 

= 2% total lysate. D, Schematic diagram of GluN2C binding sites on 14-3-3 protein, 

including an alignment of all 7 mammalian 14-3-3 isoforms. α-helices (α1 to α9) are 

indicated as black boxes above the alignment. The critical amino acid residues that 

mediate binding to GluN2C (S145, Y178 and C189 for 14-3-3ζ) within the positive 

interacting isoforms are indicated with asterisks in red. The corresponding amino acid 

residues within 14-3-3σ, which do not interact with GluN2C are indicated in green.  
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3.4. Reciprocal mutation of 14-3-3σ A147S and I191C is sufficient to promote 

GluN2C interaction with 14-3-3σ. 

 To determine whether S145, Y178 and/or C189 are sufficient for isoform-specific 

GluN2C interaction, we mutagenized each of the corresponding residues of 14-3-3σ 

including A147, H180 and I191 to generate the reciprocal A147S, H180Y, and I191C 

single or double amino acid mutants.  We hypothesized that the mutated form of 14-3-

3σ, which contains the three residues critical for GluN2C interacting with all other 14-3-3 

isoforms would promote binding with 14-3-3σ.  Indeed, we found that A147S or I191C 

single amino acid mutation was sufficient to promote GluN2C binding, and double 

mutation A147S/H180Y and A147S/I191C further strengthened the interaction as we 

observed more cell growth by the yeast two-hybrid assay (Figure 11A). In addition, 14-

3-3σ A147S/I191C bound to GluN2C with similar binding strength as between 14-3-3ζ 

WT and GluN2C (lower panel, Figure 11A). These results indicate that the 

S145/Y178/C189 residues are sufficient to determine isoform binding specificity.  (We 

note that the single H180Y mutation had no effect on GluN2C binding, although 

mutating this amino acid in the ζ isoform contributes to disruption of the GluN2C 

binding.) Again, we examined the interaction using a co-immunoprecipitation approach. 

As shown in Figure 11B, 14-3-3σ WT bound very weakly to GluN2C (0.173 ± 0.017) 

and reciprocal mutation of the corresponding residues in 14-3-3σ (A147S/I191C) 

significantly promoted GluN2C interaction (1.000 ± 0.087, *p = 0.038), supporting the 

results with the yeast two-hybrid experiments. To assess whether any obvious structural 

differences exist between 14-3-3σ and 14-3-3ζ to alternatively explain the isoform-
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specificity in complex formation with GluN2C, we compared the structural organization 

of the dimer interface by overlaying the previously resolved x-ray crystal structures 

(Figure 11C). The view shown is in ribbon representation with the monomer structure 

highlighted and rotated 45° to allow visualization of the corresponding side-chains within 

the newly identified residues contained in 14-3-3ζ involved in the GluN2C binding. We 

determined that there are no potentially interacting residues in neighboring α-helices 

within 5Å of the S145/Y178/C189 residues. Structural alignment of these two isoforms 

reveals subtle differences and shifts in helical orientation. This reveals that differences 

in a few amino acids are sufficient to alter phosphopeptide client interaction and 

subsequent function. The S145/Y178/C189 residues we identified are not contained 

within the peptide binding groove (a conserved region among all the different isoforms). 

Taken together, these data demonstrate a novel GluN2C binding motif contained within 

14-3-3 comprised of S145/Y178/C189 residues that are critical for 14-3-3 isoform 

specific interaction.   
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Figure 11. Reciprocal mutation of 14-3-3σ A147S is sufficient to promote GluN2C 

interaction with 14-3-3σ. 

A, Yeast were co-transformed with LexA-GluN2C WT C-terminus and either Gal4-14-3-

3σ WT, Gal4-14-3-3ζ WT or Gal4-14-3-3σ amino acid mutants (A147S, H180Y, or 

A147S/H180Y, respectively) and growth was evaluated on appropriate yeast selection 
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medium. Results shown are 10-fold serial dilutions of yeast cells. All data shown are 

representative of at least three independent experiments. B, HEK-293LTV cells were 

transfected with GFP-GluN2C, GluN1-1a-IRES-DsRed, and 14-3-3σ WT or 14-3-3σ 

A147S/H180Y. Receptors were immunoprecipitated from cell lysates with anti-GFP 

antibodies. Immunoprecipitates were resolved by SDS-PAGE and immunoblotted with 

anti-Myc antibodies. The data were quantified by measuring co-IP/input 14-3-3 band 

intensity ratios using ImageQuant software. Graph represents normalized means ± 

SEM, *p < 0.05 (data normalized against 14-3-3σ A147S/H180Y). All data shown are 

representative of at least three independent experiments (n = 3 separate cultures). Input 

= 2% total lysate. C, Comparison of the structural organization of 14-3-3ζ and 14-3-3σ. 

The previously resolved x-ray crystal structures of dimeric 14-3-3ζ isoform (depicted in 

yellow) was superimposed onto dimeric 14-3-3σ isoform (blue). The view shown is in 

ribbon representation with the monomer structure highlighted by a box and rotated 45° 

to allow visualization of the corresponding amino acid side-chains within the newly 

identified residues (S145, Y178 and C189) contained within 14-3-3ζ that mediate 

GluN2C interaction (indicated by arrows and highlighted in red). Previously identified 

phosphopeptide interacting residues include the Arginine-Arginine-Tyrosine triad 

(green), a hydrophobic patch (orange), and other essential residues for binding (purple).  
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3.5. 14-3-3 isoforms differentially regulate GluN2C forward trafficking in HeLa 

cells. 

 Previous studies have shown that 14-3-3ε mediates forward trafficking of GluN2C 

in cerebellar granule neurons (B. S. Chen & Roche, 2009). Although GluN2C is 

primarily expressed in the cerebellum, thalamus and olfactory bulbs, it has been shown 

that GluN2C is endogenously expressed in other regions of the brain, such as in the 

hippocampus and cortex (Karavanova et al., 2007b), where other 14-3-3 isoforms are 

also predominant. In addition, subcellular localization of ε, η, ϒ, ζ and β isoforms in the 

rat forebrain has previously been determined using isoform-specific antibodies and 

subcellular fractionation techniques (Martin et al., 1994). The same study observed that 

although most of these isoforms exist in cytosolic fractions, ~6% exist in the synaptic 

plasma membrane fraction. However, little is currently known about how the number 

and localization of GluN2C-containing NMDARs are regulated in non-cerebellar regions 

of the brain where they likely mediate essential excitatory neurotransmission. We next 

explored the possibility that specific 14-3-3 isoforms in complex with GluN2C may be 

critical in mediating effective receptor forward trafficking to the synaptic plasma 

membrane. To examine whether 14-3-3 regulates GluN2C trafficking in an isoform-

specific manner, we co-expressed in HeLa cells, a heterologous expression system, 

GFP-GluN2C (which contains a GFP tag in the extracellular N-terminal domain of the 

receptor to enable labeling surface-expressed receptors), GluN1-1a-IRES-DsRed and 

Myc-tagged 14-3-3ε, 14-3-3ζ WT, 14-3-3σ WT, 14-3-3ζ S145A/Y178H/C189Y mutant or 

14-3-3σ A147S/I191C mutant (Figure 12A). We labeled the surface-expressed 
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receptors with anti-GFP antibody, followed by membrane permeabilization and labeling 

of the intracellular pool of receptors using anti-GFP antibody. We found that the surface 

expression of GluN2C was substantially increased when co-expressed with both 14-3-

3ε (1.87 ± 0.58 normalized surface/intracellular index; p<0.001, ANOVA) and 14-3-3ζ 

(1.69 ± 0.45; *p=0.007) isoforms (Figure 12B). Co-expression of 14-3-3σ WT isoform 

had no effect on GluN2C surface expression, which corroborates with our findings that 

GluN2C does not interact with the 14-3-3σ isoform. 14-3-3σ-transfected cells showed 

similar mean surface/intracellular ratio as compared to cells not transfected with 14-3-3 

(0.96 ± 0.25; n.s. versus GluN2C/vector). Moreover, when we co-expressed ζ 

S145A/Y178H/C189I triple mutant construct, as previously shown to completely disrupt 

GluN2C binding, we found no effect on GluN2C surface expression (0.99 ± 0.15; n.s. 

versus GluN2C/vector). To determine if promoting GluN2C binding to σ isoform results 

in any functional effect, we co-expressed σ A147S/I191C double mutant construct 

(sufficient to promote GluN2C binding with similar binding affinity to ζ WT) and GluN2C. 

Given the unique role of 14-3-3σ as a critical mediator in cell cycle arrest and apoptosis 

(Benzinger et al., 2005; Wilker et al., 2005), we did not expect that promoting 14-3-3σ 

binding to GluN2C would necessarily affect receptor forward trafficking. However, we 

found that A147S/I191C mutations not only promoted 14-3-3σ binding to GluN2C, but 

also did result in increased GluN2C surface expression (1.76 ± 0.6; *p = 0.002). We 

have also performed additional experiments to examine whether mutating the same 

corresponding residues in another 14-3-3 isoform, 14-3-3ε, would affect GluN2C 

trafficking. Cells co-expressing 14-3-3ε S148A/Y181H/C192I had significantly reduced 
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surface/intracellular ratio of receptors (0.844 ± 0.279; *p < 0.05; n=12) compared to 14-

3-3ε WT transfected cells (1.376 ± 0.279), similar to the effect observed with 14-3-3ζ 

WT vs 14-3-3ζ S145A/Y178H/C189I. These results demonstrate that 14-3-3 isoform-

specific binding to GluN2C functions to promote ER exit and subsequent trafficking to 

the cell surface in a mammalian heterologous expression system.  
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Figure 12. 14-3-3 isoforms differentially regulate GluN2C forward trafficking in 

HeLa cells.   

A, HeLa cells were cotransfected with GFP-GluN2C (containing a GFP protein tag in 

the extracellular N-terminal domain), GluN1-1a-IRES-DsRed (channel turned off) and 
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Myc empty vector, Myc-14-3-3ε WT, Myc-14-3-3ζ WT, Myc-14-3-3ζ 

S145A/Y178H/C189I, Myc-14-3-3σ WT, or Myc-14-3-3σ A147S/I191C. Two days after 

transfection, cells were incubated with anti-GFP antibody for 30 min on ice. Cells were 

fixed and incubated with Alexa 647-conjugated anti-rabbit secondary antibody (depicted 

in red for optimal visual contrast effect) to visualize the surface receptors. Cells were 

then washed, permeabilized, and labeled with anti-GFP antibody and Alexa 488-

conjugated anti-rabbit secondary antibody (green) to visualize intracellular pool of 

receptors and anti-Myc monoclonal antibody and Alexa 405-conjugated anti-mouse 

secondary antibody (grey) to visualize the 14-3-3-transfected cells. B, The data were 

quantified by measuring ratios of surface GluN2C/intracellular GluN2C receptors using 

ImageJ software. Data represent means ± SEM (n=12 cells/group; **p<0.001; *p < 

0.05).  
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3.6. 14-3-3 isoforms do not impair GluN2C endocytosis in HeLa cells. 

 The increase in GluN2C surface receptors in cells expressing 14-3-3ε, 14-3-3ζ, 

or 14-3-3σ A147S/I191C isoforms could be due to other trafficking events, such as 

impaired endocytosis of GluN2C receptors. To rule this possibility out, we performed an 

immunofluorescence-based internalization assay of GluN2C containing an extracellular 

GFP tag to allow labeling of surface-expressed receptors as previously described 

(Lavezzari et al., 2004; Suh et al., 2008). We co-transfected HeLa cells with GFP-

GluN2C, GluN1-1a-IRES-DsRed and Myc-14-3-3ζ WT, Myc-14-3-3ζ 

S145A/Y178H/C189I, Myc-14-3-3σ WT, Myc-14-3-3σ A147S/I191C, or empty Myc 

vector (Figure 13A). The endocytosis assay demonstrates no significant difference in 

GluN2C internalization by co-expression of various 14-3-3 constructs (Figure 13B), in 

particular when comparing 14-3-3ζ WT with 14-3-3ζ S145A/Y178H/C189I (p=0.733, 

n=15) and 14-3-3σ WT with 14-3-3σ A147S/I191C (p=0.689, n=15). These data suggest 

that the increased expression of GluN2C-containing NMDA receptors on the surface is 

not a result of impaired endocytosis and provides us with additional mechanistic 

evidence that 14-3-3 indeed regulates GluN2C surface expression by driving forward 

trafficking to plasma membrane.   
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Figure 13.  Co-expression of 14-3-3 isoforms does not affect GluN2C endocytosis 

in HeLa cells. 

A, An endocytosis assay was carried out using HeLa cells co-transfected with GFP-

GluN2C, GluN1-1a-IRES-DsRed and Myc-14-3-3ζ WT, Myc-14-3-3ζ 
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S145A/Y178H/C189I, Myc-14-3-3σ WT, Myc-14-3-3σ A147S/I191C, or empty Myc 

vector. To visualize surface receptors, cells were incubated with anti-GFP antibody on 

ice, washed, and returned to conditioned media for 30 min at 37°C to allow receptor 

internalization. Cells were fixed and surface-expressed proteins were labeled with Alexa 

647-conjugated secondary antibody (depicted in red). After permeabilization, 

internalized receptors were labeled with Alexa 488-conjugated secondary antibody 

(green) and Myc-14-3-3 was labeled with anti-Myc antibody and Alexa 405-conjugated 

anti-mouse secondary antibody (depicted in grey). B, The data were quantified by 

measuring ratios of internalized/surface GluN2C receptors using ImageJ software. Data 

represent means ± SEM (n=15 cells/group; n.s. denotes no significant difference 

between groups).  
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3.7. Immunostaining of GluN2C-containing receptors in hippocampal neurons 

reveals co-localization with synaptophysin, a presynaptic marker. 

 Currently, it is well accepted that GluN2A and GluN2B are the predominant 

NMDAR subunits at distinct developmental stages in hippocampal neurons (Monyer et 

al., 1994). However, there is overwhelming evidence to suggest that GluN2C is not 

confined to cerebellar granule neurons as previously thought, but also exist widely 

throughout the adult brain, including but not limited to cortical, striatal, hippocampal, and 

thalamic neurons and non-neuronal cell types (Binshtok et al., 2006; Karadottir et al., 

2005; Karavanova et al., 2007b; Kumar & Huguenard, 2003; Micu et al., 2006; Pollard 

et al., 1993; Salter & Fern, 2005). It is critical to establish the function and trafficking 

mechanisms of GluN2C in these brain regions and this will allow a more complete 

understanding of GluN2C regulation within pathological contexts. However, because 

there is currently no strong, specific anti-GluN2C antibody that is commercially available 

and does not cross-react with GluN2A/2B, many studies examining GluN2C are limited 

to expression of a tagged protein.  

 To determine if GluN2C can be trafficked to the synapse in mature hippocampal 

neurons, we transfected at DIV13 GFP-tagged GluN2C construct or GFP-tagged 

GluN2A used as a positive control (Figure 14A). The distribution of surface-labeled 

GluN2 subunits was compared to that of the presynaptic vesicle marker, synaptophysin, 

a well-accepted synaptic marker (Prybylowski et al., 2005; Roque et al., 2011). At 

DIV15, surface receptors were labeled with anti-GFP. Receptor puncta distribution was 

analyzed for colocalization with synaptophysin (defined as having overlapping or 
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adjacent pixels).  Imaging analysis reveals 57% ± 0.46 of total GFP-GluN2C surface 

receptors colocalize with synaptophysin, providing evidence that GluN2C can exist at 

hippocampal excitatory synapses. However, GluN2C synaptic colocalization is 

moderately, but significantly lower (*p=0.017) than the percentage for GFP-GluN2A 

(65% ± 0.04) surface receptors colocalized with synaptophysin (Figure 14B). Despite 

these differences, our results suggest that transfected GluN2C-containing NMDARs can 

be trafficked to the synaptic cell surface of hippocampal neurons.  
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Figure 14. Surface expressed GluN2C co-localizes with synaptophysin, a 

presynaptic marker.  

A, Hippocampal neurons were transfected with GFP-GluN2C or GFP-GluN2A. To 

visualize the surface receptors, cells were incubated with anti-GFP antibody, fixed and 

incubated with Alexa 647-conjugated anti-rabbit secondary antibody (depicted in red for 

optimal visual contrast effect). Cells were then permeabilized and labeled with anti-

synaptophysin antibody and Alexa 568-conjugated anti-mouse secondary antibody 
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(depicted in green), a pre-synaptic vesicle protein marker. The right panels display 

representative zoomed in higher magnification images of 10µm dendritic segments.  

Scale bar = 10 µm. B, Co-localization of GFP puncta to synaptophysin puncta was 

measured. Value is given in percent co-localization (defined as the number of GFP 

puncta overlapping or adjacent to synaptophysin puncta, divided by the total number of 

pre-synaptic puncta). Data represent means ± SEM (N=12 cells per group; n=36 

dendritic segments per group; Student’s t-test, *p < 0.05).  
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3.8. 14-3-3 interaction with GluN2C in hippocampal neurons differentially 

regulates intracellular trafficking. 

 Dynamic trafficking of NMDARs to the neuronal plasma membrane is critical in 

maintaining chemical communication at excitatory synapses, as well as involved in 

numerous pathological outcomes such as overactivation following ischemia. We next 

tested the hypothesis that 14-3-3 binding to GluN2C can promote the forward delivery of 

ER-retained GluN2C to synaptic plasma membrane in hippocampal neurons, as was 

previously shown in HeLa cells. We co-expressed in mature DIV13 hippocampal 

neurons GFP-tagged GluN2C and Myc-tagged 14-3-3ε WT, 14-3-3ζ WT, 14-3-3ζ 

S145A/Y178H/C189I mutant, 14-3-3σ WT, 14-3-3σ A147S/I191C mutant, or Myc vector 

alone (Figure 15A). Strikingly similar to the effect seen in HeLa cells, quantification 

reveals that the surface expression of GluN2C was significantly increased (Figure 15B) 

when co-expressed with 14-3-3ε (1.77 ± 0.06 normalized surface/intracellular index; 

*p=0.022) and 14-3-3ζ isoforms (2.082 ± 0.04; **p<0.001). The 14-3-3σ WT and 14-3-3ζ 

S145A/ Y178H/C189I mutant isoforms had no significant effect (1.11 ± 0.06 and 0.845 ± 

0.03 respectively; n.s. versus GluN2C/vector) on GluN2C surface expression, whereas 

14-3-3σ A147S/I191C mutation was sufficient to not only promote GluN2C binding but 

also functionally promote GluN2C surface expression.  Taken together, these data 

demonstrate a 14-3-3 isoform-specific regulation of GluN2C trafficking in hippocampal 

neurons.   
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Figure 15. 14-3-3 interaction with GluN2C in hippocampal neurons differentially 

regulates intracellular trafficking.  
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A, Hippocampal neurons were cotransfected with GluN2C containing an extracellular 

GFP protein and Myc empty vector, Myc-14-3-3ε WT, Myc-14-3-3ζ WT, Myc-14-3-3ζ 

S145A/Y178H/C189F, Myc-14-3-3σ WT, or Myc-14-3-3σ A147S/I191C. Two days after 

transfection, cells were incubated with anti-GFP antibody for 30 min at room 

temperature.  Cells were fixed and incubated with Alexa 647-conjugated anti-rabbit 

secondary antibody (depicted in red for optimal visual contrast effect) to visualize the 

surface receptors.  Cells were then washed, permeabilized, and labeled with anti-GFP 

antibody and Alexa 488-conjugated anti-rabbit secondary antibody (green) to visualize 

intracellular pool of receptors and anti-Myc monoclonal antibody and Alexa 405-

conjugated anti-mouse secondary antibody (grey) to visualize the 14-3-3-transfected 

cells. The right panels display representative zoomed in higher magnification images of 

10µm dendritic segments.  Scale bars = 10 µm. B, The data were quantified by 

measuring ratios of surface GluN2C/intracellular GluN2C receptors using ImageJ 

software.  Data represent means ± SEM (N=9 cells per group; n=27 dendritic segments 

per group; **p<0.001; *p < 0.05).  
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3.9. Difopein inhibition of 14-3-3 binding to GluN2C reduces GluN2C surface 

expression. 

 To determine whether endogenous 14-3-3 isoforms are required for GluN2C 

trafficking, we used a well-characterized specific inhibitor of 14-3-3/ligand interactions, 

difopein (Dimeric Fourteen-three-three Peptide Inhibitor) (Masters & Fu, 2001b), to 

disrupt interactions between endogenous 14-3-3 and GluN2C. We co-expressed 

3xFLAG-tagged GluN2C and eCFP-vector or eCFP-difopein in DIV13 hippocampal 

neurons (Figure 16A). As expected, quantitative analysis revealed that surface levels of 

GluN2C were dramatically reduced by nearly 70% in neurons expressing eCFP-difopein 

(0.33 ± 0.01 surface/intracellular index; **p<0.001) compared with that in the eCFP-

vector transfected neurons (Figure 16B). This data is consistent with our 

overexpression study in hippocampal neurons, further demonstrating the critical role of 

endogenous 14-3-3 proteins in trafficking GluN2C receptors to the cell surface.  
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Figure 16. Difopein inhibition of 14-3-3 binding to GluN2C reduces GluN2C 

surface expression.  

A, Hippocampal neurons were cotransfected with 3x FLAG-tagged GluN2C, eCFP 

empty vector, or eCFP-difopein as indicated. Two days after transfection, cells were 

incubated with monoclonal anti-FLAG antibody for 30 min at room temperature. Cells 

were fixed and incubated with Alexa 647-conjugated anti-mouse secondary antibody 

(depicted in red for optimal visual contrast effect) to visualize the surface receptors. 

Cells were then washed, permeabilized, and labeled with polyclonal anti-FLAG antibody 
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and Alexa 488-conjugated anti-rabbit secondary antibody (green) to visualize 

intracellular pool of receptors and with anti-GFP antibody and Alexa 405-conjugated 

anti-rabbit secondary antibody (grey) to visualize the difopein transfected cells. The 

bottom panels display representative zoomed in higher magnification images of 10µm 

dendritic segments. Scale bars = 10 µm. B, The data were quantified by measuring 

ratios of surface GluN2C/intracellular GluN2C using ImageJ software. Data represent 

means ± SEM (N=9 cells per group; n=27 dendritic segments per group; **p<0.001).  
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3.10. Glucose Deprivation (OGD) induces GluN2C mRNA and protein expression 

in hippocampal slices. 

 In an in vitro acute hippocampal slice model of cerebral ischemia, it has 

previously been shown that GluN2C mRNA levels increase following 4 minutes OGD in 

the hippocampus, whereas GluN2A and GluN2B levels remain stable (Perez-Velazquez 

& Zhang, 1994; Small et al., 1997). To confirm GluN2C is indeed upregulated following 

ischemia, we replicated the conditions of previous studies and subjected acute 

hippocampal slices to 4 min OGD and 90 min reperfusion followed by quantification of 

mRNA levels of GluN2A, GluN2B and GluN2C using quantitative real-time PCR. 

Consistent with previous published reports, OGD significantly increased GluN2C mRNA 

levels (control, 1; OGD, 1.2 ± 0.1 fold expression; data were normalized to the 

corresponding control values; *p = 0.01; n = 3), whereas there were no significant 

changes in GluN2A and GluN2B mRNA levels (Figure 17A). Next, we assessed 

GluN2C expression at the protein level by quantifying the crude synaptosome (P2) 

fraction using Western blot analysis. Similar to the observed increase in GluN2C mRNA, 

we found a robust increase of GluN2C protein (non-deprived, 0.05 ± 0.02; OGD, 0.1 ± 

0.03 GluN2C/tubulin ratio; *p = 0.03; n = 3) following 4 min OGD and 3 hr reperfusion 

compared to the non-deprived control group (Figure 17B). These results demonstrate 

that GluN2C can be inducible in the hippocampus by a brief ischemic insult.  
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Figure 17.  An increase in GluN2C, but not GluN2A or GluN2B, was observed 

following 4 min oxygen glucose deprivation.  

A, Summary data showing quantitative real time PCR results of GluN2A, GluN2B and 

GluN2C mRNA levels extracted from acute hippocampal slices from 35-45 day old 

Sprague Dawley rats following 4 min OGD and 90 min reperfusion. Ct-values are 

normalized to β-actin internal control. B, Representative Western Blot showing GluN2C 

upregulation in membrane fraction of acute hippocampal slices following 4 min OGD 

and 3 hr reperfusion. Cerebellum lysate was used as positive control for GluN2C 

expression. Graphs depict mean ± SEM (n = 3, *p < 0.05, Student’s t-test). 
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3.11. The absence of GluN2C increases delayed neuronal cell death in thalamus 

and CA1 region following global cerebral ischemia in mice. 

 In this study and previous studies (Perez-Velazquez & Zhang, 1994; Small et al., 

1997), GluN2C is shown to be upregulated in the hippocampus following OGD, where it 

is not normally highly expressed (Monyer et al., 1994). The functional role of GluN2C 

upregulation in the hippocampus is unclear. Overexpression of GluN2C was previously 

shown to protect cerebellar granule neurons from NMDA-induced toxicity (Figure 6A) 

(B. S. Chen & Roche, 2009). Consistently, GluN2C-immunoreactive positive cells have 

been found in hippocampus in prolonged neonatal seizures induced by administration of 

L-glutamate (Rivera-Cervantes et al., 2009). These findings suggest that GluN2C plays 

an important role following stroke and seizure. To examine the role of GluN2C in the 

hippocampus in vivo, we used GluN2C−/− knockout (KO) and GluN2C+/+ wildtype (WT) 

littermate mice to investigate whether the absence of GluN2C affects vulnerability to 

ischemic cell death following 15 min global cerebral ischemia (GCI) and a 7 day 

reperfusion period. Due to excessive exposure to extracellular zinc accumulation (Koh 

et al., 1996) and other neuronal factors, the CA1 region of the hippocampus, as well as 

distinct regions of the cortex, thalamus and striatum, are particularly susceptible to 

neuronal injury in the GCI model, while sparing neurons in CA3 and granule cells 

(Schmidt-Kastner, 2015). Therefore, we assessed neuronal survival by counting NeuN 

(a neuronal marker) positive cells within a 320 µm segment of the hippocampal CA1 

region. Due to the severity of the ischemic injury sustained using longer than 20 min 

occlusion for both WT and GluN2C KO, we chose to induce a shorter occlusion (15 min) 
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that did not cause significant damage in WT CA1 hippocampal neurons, however was 

sufficient to induce a profound loss of NeuN staining in the hippocampal CA1 region in 

GluN2C KO mice compared with sham controls and WT GCI group (Figure 18A). 

Quantification of NeuN-positive cells revealed that following GCI, GluN2C KO group had 

a significantly lower number of surviving neurons (Figure 18B: WT sham, 177 ± 13; 

GluN2C KO sham, 184 ± 20; WT GCI, 157 ± 20; GluN2C KO GCI, 82 ± 13 NeuN 

positive cells, p = 0.005, n = 3 for sham/8 for GCI groups). Moreover, we found the 

thalamus to be more susceptible to neuronal death in GluN2C KO mice compared with 

WT mice (Figure 18C). These findings demonstrate that GluN2C exerts a 

neuroprotective effect against cerebral ischemia in vivo, and in the absence of GluN2C 

expression, neurons become more vulnerable to ischemic insults.  
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Figure 18. GluN2C-/- mice display greater neuronal cell death following global 

cerebral ischemia. Both WT and KO (except sham groups) mice were induced with 15 

min GCI. A, Representative images of hippocampal sections comparing neuronal 

survival of WT sham, KO sham, WT GCI and KO GCI groups. Sections were stained 

with NeuN antibody (depicted in green) and subsequently labeled with secondary 

antibody Alexa Fluor 488. The left column depicts the hippocampus imaged using 10× 

objective and the right column images represent magnified CA1 areas (using 40× 

objective) highlighted by the white box. Cells that stained positively for NeuN staining 
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were identified as surviving neurons. Scale bar, 50 µm. B, Quantitative summary of data 

showing the average number of NeuN+ cells (surviving neurons) per 320 µm length of 

medial CA1 region. Graph depicts mean ± SEM (n = 8 mice per GCI group, 3 mice per 

sham group, *p < 0.05, One-way ANOVA and Bonferroni test). C, Representative 

images of thalamic sections comparing neuronal survival of WT GCI and KO GCI 

groups. Sections were stained with NeuN antibody (green) and β-gal antibody (red). 

The first column depicts the thalamus imaged using 10× objective, the second column 

represents the magnified left thalamus area and the third column represents the 

magnified right thalamus area (using 40× objective) highlighted by the white boxes. 

Cells that stained positively for NeuN staining were identified as surviving neurons. 
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3.12. Effect of GluN2C on functional recovery following GCI. 

 We assessed functional recovery after ischemia by administering behavior tests 

at ischemia/reperfusion (I/R) day 3 and 7. To assess cognitive impairment in spatial 

working memory, we administered the Y-maze spontaneous alternation test which has 

previously been validated as a hippocampal-dependent spatial task (Conrad et al., 

1996). As shown in Figure 19A, the alternation percentage was significantly reduced for 

GluN2C KO mice following GCI compared to sham and WT GCI groups at I/R day 3 (p 

= 0.001) and at I/R 7 (p = 0.004). The rotarod test and latency to fall was used to 

determine if there were any deficits in motor coordination and balance. Although there 

was a trend for GluN2C KO group following ischemia to perform worse at this task, this 

result did not reach statistical significance (Figure 19B). To evaluate gross locomotor 

activity, exploration habits, and anxiety, we used the open field test. There were no 

significant differences in overall distance traveled, mean speed, and time in center zone 

between WT and GluN2C KO groups for both sham and GCI conditions (Figure 19C). 

Taken together, these results indicate a functional deficit in only hippocampal-

dependent behavior testing in GluN2C KO mice following GCI, where the hippocampus 

is most susceptible to injury.   
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Figure 19. GluN2C KO mice exhibit deficit in Y-Maze, but no significant 

differences in rotarod and open field tests.  

A, Data shown is average alternation percentage, defined as “the number of alternating 

triads/(the total number of arm entries − 2).” The alternation percentage was 

significantly reduced for GluN2C KO mice following GCI compared to sham and WT 

GCI groups at I/R day 7. B, Summary of data from rotarod test showing latency to fall. 

Mice were placed on an accelerating rotarod (4 rpm to 40 rpm) and latency to fall was 
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recorded. No significant differences were found at both I/R day 3 and 7. C, Summary of 

data from open field test comparing performance over 10 min observation period 

between WT and KO (sham and GCI groups) in 3 different measures: overall distance 

traveled, mean speed, and time in center zone. The area of 20 × 20 cm2 in the middle of 

the arena was set as a center area. The tendency of a mouse to avoid this center area 

was used as an indication of anxiety level. No significant differences were found 

between groups at I/R day 3 and when tested again at I/R day 7. Graph depicts mean ± 

SEM (n = 8 mice per GCI group, 3 mice per sham group, *p < 0.05, One-way ANOVA 

and Bonferroni test). 
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3.13. Neuroprotection against NMDA-induced toxicity in GluN2C-surface 

expressed hippocampal neurons. 

 We examined the effect of NMDA-induced toxicity to cultured primary 

hippocampal neurons co-expressing Super Ecliptic pHluorin (SEP)-tagged GluN2A, 

GluN2B, GluN2C, or vector alone and DsRed (a red fluorescent protein that shows total 

distribution in dendrites and spines) to compare subunit-specific mediated changes in 

cellular morphology and to determine if GluN2C expression could indeed protect 

hippocampal neurons against excitotoxicity, as suggested by the in vivo results. SEP is 

a genetically modified GFP variant that displays strong pH-dependent fluorescence and 

allows surface receptors to be visualized by excitation with 488nm laser without 

antibody labeling (Kopec et al., 2006; Miesenbock et al., 1998). This allowed us to 

identify GluN2 subunit-transfected cells to be further assessed by live imaging. The SEP 

protein is in the extracellular N-terminus of the GluN2 subunit and exposed to an acidic 

intracellular vesicular environment until exocytosed into the plasma membrane. Once 

exposed to the neutral (7.4 pH) extracellular environment, there is an increase in 

fluorescence. The experimental validity of the construct was tested by acid quenching 

experiments, where cells were incubated with standard HEPES solution (pH 7.4) and 

surface receptors became visible as a punctate distribution on dendritic areas. Cells 

were washed and incubated with MES acidic solution (pH 6.0) and the SEP signal 

became reversibly quenched. Upon reintroduction to standard HEPES solution, the SEP 

signal reappeared (Figure 20). Neurons were continuously exposed to 200µM NMDA 

and time-lapse imaging was performed for 25 min. Cells expressing vector alone, 
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GluN2A or GluN2B show morphological indicators of severe toxic effects, including 

dendritic beading or varicosities and cell body swelling (Figure 21A). In contrast, 

expressing GluN2C is sufficient to mediate neuroprotective effects during a toxic 

exposure to NMDA and cells were more resistant to injury, as evidenced by sustained 

normal cellular morphology. Quantification of dendritic varicosities revealed that 

following NMDA treatment, cells expressing GluN2C had significantly lower number of 

varicosities per µM length of dendrite compared to vector, GluN2A, and GluN2B-

expressing cells and cells expressing GluN2B had significantly higher number of 

varicosities compared to vector (Figure 21B: Vector, 3.000 ± 0.343; GluN2A, 3.333 ± 

0.313; GluN2B, 3.857 ± 0.344; GluN2C, 0.792 ± 0.294, *p < 0.05, ***p < 0.001, n = 6-8 

cells). These results demonstrate that the neuroprotective role of GluN2C is not cell-

type specific and confined to cerebellar granule cells and can also be evident when 

expressed in hippocampal neurons.   
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Figure 20. Super ecliptic pHluorin (SEP)-tagged GluN2C allows visualization of 

surface receptors.  

Dissociated neuronal cultures were co-transfected at DIV 7 with Tag-RFP (red) and 

SEP-tagged GluN2C (green). One week after transfection, cells were incubated with 

standard HEPES solution (pH 7.4, top row) and imaged live. Cells were then washed 

and incubated with MES acidic solution (pH 6.0) and imaged again (middle row). The 

SEP signal becomes reversibly quenched by the change in pH. Cells were returned to 

the standard HEPES solution (bottom row). Arrowheads depict areas where SEP-

GluN2C becomes visible under neutral pH conditions and quenched under acidic 

conditions (n = 3 cells). 
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Figure 21. Overexpressed GluN2C mediates neuroprotection following NMDA-

induced toxicity and surface expression levels remained unchanged in 

hippocampal neurons.  

A, Representative time-lapse images of DIV 13 primary hippocampal neurons co-

transfected with DsRed (to visualize cellular morphology) and SEP-tagged GluN2 
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constructs. Cells were exposed to 200 µM NMDA and imaged for 25 min. Arrowheads 

depict structural hallmarks of excitotoxic effects (dendritic varicosities and cell body 

swelling) in neurons expressing DsRed alone, GluN2A, or GluN2B. GluN2C-expressing 

neuron images show resistance to NMDA-induced toxicity (n = 6 cells). Scale bar, 10 

μm. B, Quantitative summary of data showing the average number of dendritic 

varicosities per 10 µm length of dendrite (Vector, n = 18 dendritic segments, 6 cells; 

GluN2A = 18 dendritic segments, 6 cells; GluN2B = 21 dendritic segments, 7 cells; 

GluN2C = 24 dendritic segments, 8 cells, *p<0.05, ***p<0.01, One-way ANOVA and 

Bonferroni test). 
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3.14. NMDA receptor subunit-specific changes in surface expression following 

NMDA-induced toxicity. 

Due to the observed increase in GluN2C mRNA and protein following OGD, we 

next wanted to assess whether this correlated with an increase in GluN2C surface 

expression. We examined receptor subunit surface enrichment on spines and dendritic 

segments by again co-expressing SEP-GluN2 subunits and DsRed in mature 

hippocampal neurons and zooming in to secondary dendritic branches using higher 

magnification 63× objective and performing time-lapse imaging during the course of 

NMDA treatment (Figure 22A). To compare the relative amounts of receptor on spines 

or dendritic segment for the different NMDAR subunits, we determined a surface 

enrichment value (volume normalized receptor fluorescence on spine or dendritic 

segment/volume normalized receptor fluorescence on adjacent dendritic segment), 

following the same quantification method as previously described (Kopec et al., 2006). 

GluN2A surface enrichment on dendritic segments increased following 200µM NMDA-

induced toxicity at all time points tested relative to 0 min time point (p = 0.038) and 

GluN2B and GluN2C cell surface expression remained relatively stable over time 

(Figure 22B). We did not observe any significant changes in receptor enrichment for 

any NMDAR subunits under basal conditions when analyzed over 35 min without 

treatment. These results suggest that stable synaptic incorporation of SEP-GluN2C is 

sufficient to promote neuroprotective effects.  
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Figure 22. NMDA receptor subunit-specific changes in surface expression 

following NMDA-induced toxicity. 

A, Representative time-lapse images of zoomed in dendritic regions (63× objective) of 

hippocampal neurons co-expressing DsRed along with SEP-tagged GluN2A, GluN2B, 

or GluN2C (green puncta) before (0 min) and following administration of 200 µM NMDA. 

B, Time course distribution of receptor enrichment for spines and dendritic segments 

from hippocampal neurons treated with 200 µM NMDA (SEP-GluN2A, n = 24 spines, 6 

dendritic segments, 4 cells; SEP-GluN2B, n = 31 spines, 7 dendritic segmens, 4 cells; 

SEP-GluN2C, n = 20 spines, 11 dendritic segments, 7 cells, *p < 0.05, One-way 

ANOVA and Bonferroni test). Scale bar, 2 μm.  
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3.15. GluN2C-expressing neurons display reduced intracellular Ca2+ influx 

following NMDA-induced toxicity. 

It is well-established that the GluN2 subunit composition is critical for determining 

the channel properties of the receptor. In particular, GluN2C-containing NMDARs have 

distinct channel properties that set it apart from the other subunits, such as a low open 

probability, single- channel conductance and reduced Mg2+ sensitivity (S. G. Cull-Candy 

& Leszkiewicz, 2004; Paoletti, 2011; Traynelis et al., 2010). Dysregulation of NMDAR-

mediated Ca2+ influx and subsequent intracellular Ca2+ overload is a critical link in the 

development of neuronal excitotoxicity following ischemia (Benveniste et al., 1988). 

Therefore, we next investigated the possibility that GluN2C may functionally confer 

neuroprotection as a result of its unique channel properties and measured changes in 

intracellular Ca2+ concentration ([Ca2+]i). We co-expressed DsRed and GluN2A, 

GluN2B, GluN2C, or vector alone in hippocampal neurons and cells were loaded with 

Oregon Green 488 BAPTA-1, AM and treated with 200µM NMDA (Figure 23A). The 

[Ca2+]i remained relatively stable and low during pre-NMDA stimulation (Figure 23B), 

however NMDA treatment elicited a rapid rise in [Ca2+]i in GluN2A and GluN2B-

expressing cells which is sustained over the time course of 5 min (Figure 23C). In 

contrast, GluN2C-expressing cells displayed significantly lower NMDA-induced changes 

in [Ca2+]i compared to GluN2A- and GluN2B-expressing neurons. The average ΔF/F0 

calculated for vector-, GluN2A-, GluN2B-, and GluN2C-expressing cells was as follows: 

1.25 ± 0.04, 1.46 ± 0.05, 1.61 ± 0.02, and 1.16 ± 0.03, respectively (Figure 23D). These 

findings strongly suggest that GluN2C mediates neuroprotection in the setting of NMDA-



113 
 

  

induced toxicity by modulating the Ca2+ permeability and minimizing receptor mediated 

[Ca2+]i overload in hippocampal neurons. 

3.16. Proposed model of 14-3-3-mediated regulation of GluN2C trafficking and 

GluN2C-mediated neuroprotection.  

Taken together, we propose a novel model of GluN2C regulation where GluN2C 

is recruited to the synapse via its interaction with 14-3-3 and its expression is inducible 

by ischemia (Figure 24). GluN2C expression promotes neuronal survival as a 

homeostatic mechanism by which intracellular Ca2+ levels are maintained at equilibrium. 
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Figure 23. Reduced Ca2+ influx in GluN2C-expressing hippocampal neurons 

following NMDA treatment.  

A, Representative time-lapse fluorescent images of hippocampal neuronal cell bodies 

(defined region of interest) co-transfected with DsRed (channel not shown for visual 

purposes) and WT-GluN2A, GluN2B, GluN2C, or vector alone. Images were obtained 

before (0 min time point), during (image obtained every 5 s) and after (5 min time point) 

administration of 200 µM NMDA. Only 0 min and 5 min time points are shown. The 

calcium indicator used, Oregon Green 488 BAPTA-1, AM is depicted in green and its 

signal intensity directly correlates with the intracellular Ca2+ concentration. B, Time 

course distribution of basal level Ca2+ signaling 1 min before NMDA stimulation 

comparing vector, WT-GluN2A, WT-GluN2B, and WT-GluN2C transfected hippocampal 
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neurons. C, Time course distribution of Ca2+ responses evoked by the application of 200 

µM NMDA. ΔF/F0 is defined as the normalized change in fluorescence intensity relative 

to the resting fluorescence intensity at 0 s. D, A bar graph depicting mean ΔF/F0 across 

all time points examined in B, and comparing GluN2A, GluN2B, GluN2C, and vector 

alone groups. All graphs depict mean ± SEM (n = 3 cells, *p < 0.05, One-way ANOVA 

and Bonferroni test). 
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Figure 24. Proposed model of 14-3-3-mediated regulation of GluN2C trafficking 

and GluN2C-mediated neuroprotection.  

14-3-3 drives the forward trafficking of GluN2C-containing NMDARs. Following 

ischemia, GluN2C is upregulated in the hippocampus. Neuronal expression of GluN2C 

promotes cell survival as a homeostatic mechanism by which intracellular Ca2+ levels 

are maintained at equilibrium. 
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4. Discussion 

 In the first part of this study, we have uncovered isoform-specific interactions of 

14-3-3 proteins with GluN2C and its role in GluN2C trafficking. First, we show that 

GluN2C binds to all 14-3-3 proteins with the exception of the 14-3-3σ isoform.  Second, 

we identify three critical residues in 14-3-3ζ that regulate its binding to GluN2C. These 

three residues are identical among all 14-3-3 proteins except the 14-3-3σ isoform. 

Additionally, 14-3-3σ carrying the reciprocal mutations of these three residues is able 

to bind to GluN2C, indicating that this newly identified regulatory region determines 

isoform-specific interactions with GluN2C. Third, we show that 14-3-3 binding promotes 

surface expression of GluN2C and the interaction between 14-3-3 and GluN2C is 

required for the increased GluN2C-containing NMDAR trafficking. Finally, using a well-

characterized tool to functionally knock out all endogenous 14-3-3 proteins in neurons, 

we demonstate that 14-3-3 binding plays a critical role in the regulation of GluN2C-

containing NMDAR trafficking.  

 The 14-3-3 family of proteins are evolutionarily highly conserved, with seven 

isoforms identified in mammals, at least thirteen isoforms in plants, and two isoforms in 

yeast. Knocking out one of the yeast 14-3-3 genes has little effect on cell viability, 

whereas knocking out both genes is lethal to the yeast cell, indicating the functional 

redundancy of the 14-3-3 isoforms (van Heusden et al., 1995). In mammals, 14-3-3 

proteins exist ubiquitously in almost all tissues with the highest expression in the brain. 

In addition, many organisms express multiple 14-3-3 isoforms. Although most 14-3-3 

isoforms interact with their target proteins with similar affinity, some isoform-specific 
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regulations have been observed. For example, two different 14-3-3 proteins are 

required to prevent activation of the protein kinase cdc2 that initiate mitosis in the 

nucleus after DNA damage (Chan et al., 1999). In one pathway, 14-3-3σ is required to 

sequester cdc2-cyclin B1 complexes in the cytoplasm. In a separate pathway, 14-3-3 

isoforms other than 14-3-3σ binds to cdc25C (activator of cdc2-cyclin B1 complexes), 

which results in its retention in the cytoplasm, to ensure that mitosis does not occur in 

the presence of DNA damage. Interestingly, similar to GluN2C, cdc25C does not bind 

to 14-3-3σ although it interacts with most 14-3-3 isoforms in vitro (Chan et al., 1999; 

Dalal et al., 2004). However, the molecular basis for differential interaction between 

cdc25C and 14-3-3 proteins remains elusive.  

 Unlike other 14-3-3 isoforms, 14-3-3σ is primarily expressed in epithelial cells 

and forms homodimers almost exclusively. Structural studies have shown that 14-3-3σ 

contains unique interactions at the dimer interface that account for its strong propensity 

to form homodimers (Wilker et al., 2005). It has been suggested that the C-terminal 

domain of 14-3-3σ comprises a second ligand binding site in addition to the phospho-

dependent ligand binding, which is involved in 14-3-3σ-specific ligand interaction. 

Furthermore, a patch of three amino acid residues (Met202, Asp204, and His206) in 

14-3-3σ has been shown to mediate selectivity against cdc25C binding (Wilker et al., 

2005). Given that 14-3-3σ does not bind to GluN2C, potentially, the same three 

residues (Met202, Asp204, and His206) could modulate isoform-specific interaction of 

14-3-3 with GluN2C. However, we did not find any effect on GluN2C binding after 

mutating each of the corresponding amino acids (Ile200, Glu202, and Asp204) 
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individually in 14-3-3ζ (Figure 10A). Although our data did not support a role of these 

previously identified residues in isoform-specific interaction of 14-3-3 with GluN2C, we 

could not rule out the possibility that all three residues need to be mutated 

simultaneously for the effect on disrupting interaction between 14-3-3ζ and GluN2C. 

Instead, we identify three novel amino acid residues (Ser145, Tyr178, and Cys189) in 

the C-terminal domain of 14-3-3ζ that modulate isoform-specific interactions with 

GluN2C. We further demonstrate that the corresponding amino acid residues (Ala147, 

His180, and Ile191) in 14-3-3σ are responsible for selectivity against GluN2C binding. 

Consistently, based on structural analysis, Ser145 and Ala147 have been suggested to 

be important for ligand specificity of 14-3-3ζ and 14-3-3σ, respectively (Benzinger et 

al., 2005). Taken together, our data reveal three critical residues that are important for 

isoform-specific interaction of 14-3-3 proteins with GluN2C. 

 14-3-3 proteins modulate many cellular processes including cell cycle control, 

apoptosis, metabolic regulation, and mitogenic signal transduction. In addition, 14-3-3 

binding is important in regulating the trafficking of target proteins. There is evidence 

that 14-3-3 proteins preferentially associate with assembled proteins in the ER-Golgi 

intermediate compartment thus facilitating export of properly assembled multimers from 

the ER. For example, KCNK3 potassium channels are released from ER-retention 

through the phosphorylation-dependent binding of 14-3-3β (O'Kelly et al., 2002). We 

have previously shown that 14-3-3ε specifically interacts with GluN2C and that 

phosphorylation of Ser1096 on GluN2C regulates NMDAR binding to 14-3-3ε (B. S. 

Chen & Roche, 2009). We further demonstrate that 14-3-3ε preferentially associates 
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with oligomerized GluN1/GluN2C, supporting a role in promoting the forward trafficking 

of correctly assembled GluN1/GluN2C-containing NMDARs. Since there are seven 14-

3-3 isoforms highly expressed throughout the brain and emerging evidence to suggest 

that isoform-specific regulatory functions exist, we explored the key question of 

whether 14-3-3 isoforms differentially regulate trafficking of GluN2C-containing 

NMDARs. We now find that all 14-3-3 isoforms except 14-3-3σ bind to GluN2C and 

that Ser1096 is part of the 14-3-3 binding motif on GluN2C. Although in the current 

study we have only shown that 14-3-3ζ binding is required for the increased suface 

expression of GluN2C-containing NMDARs, the observation that 14-3-3σ mutant that 

binds to GluN2C also facilitates GluN2C trafficking to the plasma membrane strongly 

suggests that the interaction between GluN2C and 14-3-3 isoforms is critical for 

GluN2C-containing NMDAR trafficking. Understanding how these two proteins interact 

and particularly, the identification of the specific critical amino acid residues that 

mediate the interaction, could lead to the development of targeted peptide therapy to 

promote or disrupt this interaction under pathological conditions.  

 In the second part of this study, we demonstrate the role of GluN2C-containing 

NMDARs in ischemia. NMDARs play a major role in the pathological events following 

excitotoxicity. Although NMDARs are expressed throughout the brain, their subunit 

composition varies considerably both spatially and temporally. The GluN2 subunit 

composition of NMDARs governs important receptor functions including channel 

properties, receptor trafficking, and synaptic expression. GluN2C is highly enriched in 

the cerebellum, suggesting a unique role in cerebellar neurotransmission. GluN2C is 
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also found in the other areas of the brain including cortex and hippocampus, in spite of 

being minimally detected (Karavanova et al., 2007a). Interestingly, GluN2C expression 

is upregulated in the hippocampus following in vitro oxygen-glucose deprivation (an in 

vitro ischemia model), suggesting that it plays an important role during ischemia 

(Perez-Velazquez & Zhang, 1994; Small et al., 1997). Consistently, GluN2C-

immunoreactive positive cells have been found in hippocampus in prolonged neonatal 

seizures (Rivera-Cervantes et al., 2009). These findings suggest that GluN2C plays an 

important role following stroke and seizure. However, little information is available 

about the specific role of GluN2C in the hippocampus, although more is understood 

about GluN2A and GluN2B-containing NMDARs in their role in promoting neuronal 

survival or death following an ischemic insult (Hardingham et al., 2002; Martel et al., 

2012). In previous studies, overexpression of GluN2C, in contrast to GluN2A and 

GluN2B, was shown to protect cerebellar granule neurons from excitotoxicity and this 

neuroprotection is abolished by disrupting GluN2C binding to 14-3-3ε (Figure 6) (B. S. 

Chen & Roche, 2009). Although GluN2C has been shown to be upregulated in the 

hippocampus following ischemia (Perez-Velazquez & Zhang, 1994; Small et al., 1997), 

whether it has a neuroprotective role is not known. Here, we provide evidence that 

GluN2C is upregulated and plays a neuroprotective role following ischemia. In the 

current study, we first show that GluN2C colocalizes with synaptophysin in cultured 

hippocampal neurons, suggesting its localization at excitatory synapses. Second, we 

show that both mRNA and protein expression of GluN2C are increased in the 

hippocampus following ischemia. Third, mice lacking GluN2C are more vulnerable to 
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neuronal damage induced by cerebral ischemia in the hippocampal CA1 region and 

these mice display cognitive impairment in spatial working memory in the Y-maze 

spontaneous alternation test. Fourth, cultured hippocampal neurons overexpressing 

GluN2C are protected from NMDA-induced toxicity. Finally, we show that GluN2C 

expressing neurons display reduced intracellular Ca2+ influx following NMDA-induced 

toxicity, which is consistent with the low channel open probabilities and reduced 

conductance of GluN2C-containing NMDARs. Thus, our findings suggest a 

homeostatic mechanism by which intracellular Ca2+ levels are maintained by 

upregulation of GluN2C to help prevent excessive Ca2+ entry following ischemia.  

 In regards to behavior testing, although the Y-maze spontaneous alternation test 

has been validated to detect hippocampal dysfunction in spatial tasks (Conrad et al., 

1996), there are some shortcomings in this experimental model. For example, stress 

and fear have been shown to interfere in acquisition (Crusio et al., 1990). Therefore, it 

is possible that fear guides the choice of arm entry and false conclusions could have 

been made about hippocampal function. To minimize the fear variable, mice were 

handled by the experimenter for three consecutive days prior to experimentation and 

received identical handling in a standardized manner during testing. Despite ensuring 

careful control in our experiments to eliminate confounding environmental variables, 

administering additional behavioral tests to assess hippocampal function would 

supplement this study and confirm that GluN2C-/- mice indeed suffer hippocampal 

deficits following GCI. For example, it would be useful to administer the Morris water 

maze, in which mice learn to swim to an escape platform that can be hidden (spatial 
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version of the test) or visible (non-spatial version) (Gerlai, 2001). The novel object 

recognition task can also be used to assess potential short-term and long-term memory 

deficits. Finally, the 8-arm radial maze can additionally test for deficits in both working 

and reference memory. Importantly, this task can discriminate between reference and 

working memory (Brillaud et al., 2005). It should also be noted that food deprivation 

and immersion of animals in water may not be the most practical choice in assessing 

cognitive dysfunction in stroked mice, and therefore additional behavior assessment 

should provide a sensitive task to evaluate the effects of ischemic brain damage.   

NMDAR overactivation has been shown to be necessary and sufficient to induce 

glutamate-mediated calcium toxicity in neurons (Choi et al., 1988; Choi et al., 1987). 

Although functional NMDARs requires both GluN1 and GluN2 subunits, the GluN2 

subunit composition determines properties of the NMDAR channels as well as the 

coupling of NMDARs to distinct intracellular signaling pathways. Among the GluN2 

subunits, GluN2A and GluN2B are predominantly expressed in the forebrain where 

stroke most frequently occurs. Interestingly, there is evidence that GluN2A and GluN2B 

have differential roles in mediating neuronal survival and death following ischemia (Liu 

et al., 2007). GluN2B-containing NMDARs are linked to neuronal death signaling, 

whereas activation of GluN2A-containing NMDARs promotes neuronal survival.  

However, recent studies indicate that GluN2A can also promote neuronal death 

although less efficient than GluN2B under different experimental conditions (Martel et 

al., 2012). In addition to subunit-specific regulation, receptor membrane localization 

can influence signaling outcomes. Synaptic localization has been shown to favor 
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survival signaling and extrasynaptic localization promotes death pathways due to 

differential coupling to downstream signaling proteins (Hardingham et al., 2002). 

However, conflicting evidence has emerged to argue against the localization 

hypothesis as well. In particular, coactivation of both synaptic and extrasynaptic 

NMDARs has been shown to contribute to ischemic cell death (X. Zhou et al., 2013). 

Thus, both subunit-specific rule and the localization hypothesis in regulating neuronal 

survival or death signaling may be an oversimplification. Despite the limitations, 

extensive efforts continue to focus on GluN2A and GluN2B subunits, while GluN2C has 

been relatively neglected. In this study, we show that GluN2C-deleted mice display 

greater sensitivity to neuronal damage in the CA1 region of the hippocampus following 

transient cerebral ischemia, strongly suggesting that GluN2C is neuroprotective. We 

also demonstrate that GluN2C co-localizes with synaptophysin, suggesting its 

presence at the synapse. However, due to limitations of imaging resolution using 

confocal microscopy, the precise membrane localization cannot be determined in the 

current study. Electron microscopy or electrophysiology would be the preferred 

methods to investigate this unanswered question. We speculate that regardless of 

membrane localization, GluN2C confers neuroprotection due to its unique channel 

properties.    

In seeming contrast to our findings, previous studies by Kadotani, et al. have 

shown that gene disruption of GluN2C attenuates focal cerebral ischemic injury after 

permanent occlusion of the middle cerebral artery (MCA) (Kadotani et al., 1998), 

suggesting that GluN2C contributes to ischemic brain injury. Although GluN2C was 
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reported to be expressed in the cerebral cortex in the previous studies, there is no 

change in GluN2C expression after permanent MCA occlusion. These findings 

contradict the observations that GluN2C is upregulated following in vitro ischemia by 

three groups including our current study (Perez-Velazquez & Zhang, 1994; Small et al., 

1997). The differences in the expression levels of GluN2C following ischemia may be 

due to different experimental conditions. One notable difference is that we induced 

transient ischemia and examined GluN2C expression after reperfusion, whereas 

Kadotani, et al. used permanent occlusion without reperfusion. In addition, the GluN2C 

knockout mice were generated independently with different genetic background. 

Moreover, we chose the global cerebral ischemia model that is well known to cause 

selective neuronal injury in the CA1 region of the hippocampus (Q. G. Zhang et al., 

2008), where GluN2C expression has been shown to be upregulated. Importantly, our 

in vivo data, suggesting that GluN2C is neuroprotective, are supported by our in vitro 

results showing that hippocampal neurons expressing GluN2C are protected from 

NMDA-induced toxicity.  

Glutamate-induced neuronal damage is mainly caused by overactivation of 

NMDARs, which results in cytotoxic levels of Ca2+ influx. Tight regulation of intracellular 

Ca2+ levels is critical for maintaining cellular integrity. One of the major therapeutic 

approaches is to reduce excessive Ca2+ influx by blocking NMDARs. Although many 

selective NMDAR antagonists have been identified, they all failed in clinical studies 

largely because of severe side effects caused by interfering the physiological functions 

of NMDARs (Lai et al., 2011). Therefore, it is critical to develop novel therapeutics, 
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which not only can reduce excessive Ca2+ influx but also maintain the physiological 

level of receptor function.  The role of GluN2C in neuroprotection described here is 

two-fold. First, GluN2C-containing NMDARs exhibit an exceptionally low channel open 

probability, which is approximately 44-fold and 10 fold less than the peak open 

probability of GluN1/GluN2A and GluN1/GluN2B receptors, respectively (Dravid et al., 

2008), which is in agreement with previous studies showing that deletion of GluN2C 

leads to higher charge transfer (Ebralidze et al., 1996; C. Lu et al., 2006). This is true 

for both GluN1/GluN2C receptors expressed in heterologous cells and native NMDARs 

in cerebellum (Dravid et al., 2008). The disruption of the GluN2C gene eliminates the 

low conductance channels and reduces the decay time constant of NMDAR-mediated 

EPSC, reflecting a change in the composition of NMDARs. Taken together, the unique 

channel properties and expression patterns indicate that GluN2C-containing NMDARs 

have a specific function in the brain. Consistently, we show that GluN2C expressing 

neurons have reduced Ca2+ influx following NMDA treatment. Second, GluN2C-

containing NMDARs can trigger specific signaling pathways to activate downstream 

survival molecules. For example, activation of GluN2C-containing NMDARs has been 

shown to stimulate protein kinase B/Akt activity (B. S. Chen & Roche, 2009), which 

plays a key role in neuronal survival pathways. By such mechanism, not only the 

intracellular Ca2+ level but also NMDAR signaling can be maintained at equilibrium.  

Although our data suggests neuronal expression of GluN2C and subsequent 

reduced Ca2+ influx mediates neuroprotection, alternative mechanisms may explain the 

effect observed. There is evidence to suggest that GluN2C is also expressed in 
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hippocampal astrocytes in the knock-in β-galactosidase GluN2C reporter mice line 

(Karavanova et al., 2007a). However, the GluN1 subunit, which is required for 

functional NMDAR assembly, processing and trafficking, is not expressed in 

hippocampal astrocytes. Therefore, the functional role of GluN2 subunits within the 

astrocyte population is unclear. However, following in vitro and in vivo ischemia, double 

immunohistochemical labeling revealed that GluN2B subunit colocalized with the 

astrocyte marker glial fibrillary acid protein and with GluN1 subunit (Krebs et al., 2003). 

One possibility to consider is that following ischemia, GluN1 expression is induced in 

astrocytes and co-assembles with GluN2C to allow forward trafficking of the receptor to 

the cell surface to activate an intrinsic glial-mediated neuroprotective mechanism.  

GluN2C is also expressed in distinct thalamic regions (Karavanova et al., 2007a; 

Wenzel et al., 1997b), which is functionally connected to the hippocampus and is part 

of the extended hippocampal system at the thalamic anterior nuclei (Aggleton & Brown, 

1999; Stein et al., 2000). Our results demonstrating that the hippocampus in GluN2C 

KO mice is more susceptible to ischemic cell death may be a downstream effect of 

thalamic neuronal dysfunction due to the absence of GluN2C expression in the 

thalamus. Therefore, we cannot rule out the possibility of a loss of proper input/output 

signals within the thalamohippocampal circuitry which could be the main contributing 

cause of hippocampal ischemic cell death.  

Finally, there is evidence to suggest that GluN2C is also expressed within the 

interneuronal population in cortical and subcortical regions of the rat (Monyer et al., 

1994) and human brain (Scherzer et al., 1998). The role of GluN2C-containing 
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receptors in interneurons is poorly understood due to a lack of subunit-specific 

antagonists. The GluN2C antagonist currently available (CIQ) also targets GluN2D, 

making it difficult to distinguish the precise NMDAR subunit composition. Regardless, 

mRNA expression analysis studies revealed GluN2C transcripts in interneurons. 

Expression of GluN2C in inhibitory interneurons may provide a mechanism to 

selectively increase activity of inhibitory neurons during intense excitatory drive that 

can provide inhibitory feedback to reduce ischemic cell death.  

Additional studies to investigate whether GluN2C-containing receptors in non-

pyramidal or non-neuronal cell types play a role in neuroprotection are warranted. 

Moreover, conditional mutation approaches rather than using global knockout mice 

would be a preferred strategy. This would allow mice to develop normally prior to 

ablating GluN2C. It is possible that the loss of GluN2C activity during development may 

have lasting effects in the adult state, thus affecting the data interpretation. Although 

our results demonstrate no apparent functional differences between wildtype and 

GluN2C knockout mice sham conditions, we did not perform a full battery of behavioral 

tests to confirm whether there are any differences. Therefore, additional behavioral 

tests should be included in future studies to examine whether there is any evidence for 

functional compensation to alternatively explain the ischemic vulnerability of the 

knockout mice. Despite the limitations discussed, the findings in this study identify a 

novel neuroprotective role of GluN2C-containing receptors following ischemia. The 

significance of this finding expands the current understanding of NMDAR-mediated cell 

death and survival. A better understanding of exactly how GluN2C contributes to 
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neuronal survival may lead to the development of new therapeutic tools for stroke and 

will be of interest to study in future work.
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5. Summary 
 

 In the first part of this study, we find that GluN2C interacts with all 14-3-3 

isoforms except the σ isoform. Co-expression of 14-3-3 isoforms (ε and ζ) that bind to 

GluN2C increases surface expression of GluN2C-containing NMDARs, but no increase 

is observed when 14-3-3σ is co-expressed. We also identify three critical residues in 14-

3-3ζ that are required for the GluN2C binding and its effect on GluN2C trafficking. 

Interestingly, these three residues are not located in the ligand-binding groove of 14-3-

3. Moreover, reciprocal mutations on these three residues in 14-3-3σ enable its binding 

to GluN2C. Thus, our findings reveal a novel regulatory region in 14-3-3 that modulates 

isoform-specific interaction with GluN2C. 

 In the second part of this study, we show that GluN2C is significantly increased 

following ischemia not only in mRNA but also protein levels. Using GluN2C knockout 

mice, we demonstrate that GluN2C exhibits neuroprotective effects on hippocampal 

neuronal damage following transient cerebral ischemia as evidenced by reduced 

neuronal cell death and improved behavioral outcomes in Y-maze spontaneous 

alternation task. We also show that overexpression of GluN2C protects hippocampal 

neurons from NMDA-induced excitotoxicity. Furthermore, the neuroprotective effect of 

GluN2C is likely due to a reduced Ca2+ influx, thus preventing Ca2+ overload and 

subsequent toxicity. Taken together, GluN2C can serve as a major therapeutic target in 

the treatment of ischemia. Specifically, driving the forward trafficking of the receptor to 

the cell surface by designing 14-3-3 peptides based on the binding motif uncovered 

here can serve as an effective therapeutic strategy to minimize ischemic cell death.  
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