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ABSTRACT 

Ischemic strokes cause excessive release of glutamate, leading to overactivation of N-

methyl-D-aspartate receptors (NMDARs) and excitotoxicity-induced neuronal death. For 

this reason, inhibition of NMDARs has been a central focus in identifying mechanisms to 

avert this extensive neuronal damage. N-acetyl-aspartyl-glutamate (NAAG), the most 

abundant neuropeptide in the brain, is neuroprotective in ischemic conditions in vivo. 

Despite this evidence, the exact mechanism underlying its neuroprotection, and more 

specifically its effect on NMDARs, is currently unknown due to conflicting results in the 

literature. Here, we uncover a pH-dependent and subunit specific action of NAAG on 

NMDARs. Using whole-cell electrophysiological recordings on acute hippocampal slices 

from adult mice and on HEK293 cells, we found that NAAG increases synaptic GluN2A-

containing NMDAR excitatory postsynaptic currents (EPSCs), while effectively 

decreasing extrasynaptic GluN2B-containing NMDAR EPSCs in physiological pH. 

Intriguingly, the results of our study further show that in low pH, which is a physiological 

occurrence during ischemia, NAAG depresses GluN2A-containing NMDAR EPSCs and 

amplifies its inhibitory effect on GluN2B-containing NMDAR EPSCs, as well as 

upregulates the surface expression of the GluN2A subunit. Altogether, our data 

demonstrate that NAAG has differential effects on NMDAR function based on subunit 

composition and extracellular pH levels. These findings suggest that the role of NAAG as 

a neuroprotective agent during an ischemic stroke is likely mediated by its ability to reduce 

NMDAR excitation. The inhibitory effect of NAAG on NMDARs and its enhanced function 

in acidic conditions makes NAAG a prime therapeutic agent for the treatment of ischemic 

events. 
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1. INTRODUCTION 
 
1.1. STROKE 

Stroke is the leading cause of disability and the third leading cause of death in Canada, 

ranking behind heart disease and cancer. According to Statistics Canada, each year, over 

13,000 Canadians die from stroke, accounting for ~6% of all deaths (Statcan, 2011). Of 

the 50,000 Canadians that survive a stroke each year, very few recover completely 

(Heart&Stroke, 2015). The remaining survivors can suffer from a number of disabilities 

including memory loss, decreased sensation, speech and swallowing difficulties, loss of 

coordination, and paralysis on one side of the body (Bonita and Beaglehole, 1988; 

Gresham et al., 1997). Although, in the past six decades, the risk of death following a 

stroke has been reduced due to improvements in care, the effects of stroke continue to 

have a significant and long lasting impact on individuals and their families, as well as to 

the health care system. It is estimated that stroke costs the Canadian economy $3.6 billion 

a year due to health care costs and decreased economic output. The number of strokes 

will continue to rise due to population growth, as well as the increasing prevalence of 

obesity and diabetes, creating further challenges for our health care system (PHAC, 

2009). The economic burden of stroke on our society, in addition to diminished quality of 

life, is justification to find ways to reduce impairment after a stroke. 

 

1.1.1. Pathobiology of stroke 

Eighty percent of strokes are ischemic events, while the remaining 20% are caused by 

hemorrhages. In the case of an ischemic stroke, cerebral blood flow is reduced below the 

threshold that sustains cell survival, resulting in significant brain damage following a 
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sequence of pathobiological events. The reduction in blood flow is, in most cases, caused 

by the occlusion of a cerebral artery either by an embolus or by local thrombosis 

(Aggarwal et al., 2010). This focal impairment of cerebral blood flow restricts the 

delivery of substrates, particularly oxygen and glucose, and impedes the normal process 

of generating energy in the form of adenosine triphosphate (ATP) through oxidative 

phosphorylation. The resulting decrease in energy supply in neurons impairs the function 

of energy-dependent Na+/K+ ATPase membrane pumps, leading to a disruption in 

maintaining ionic gradients across the membrane. Consequently, membrane potential is 

lost and neurons depolarize (Choi, 1987; Martin et al., 1994). Somatodendritic as well as 

presynaptic voltage-dependent Ca2+ channels become activated and excitatory amino 

acids, such as glutamate, are released into the extracellular space (Choi and Rothman, 

1990). Simultaneously, other energy-dependent processes, such as reuptake of glutamate 

through the use of glutamate transporters, are impeded, which further increases the 

accumulation of glutamate in the extracellular space (Phillis et al., 2000; Mitani and 

Tanaka, 2003). Neuronal death following an ischemic stroke is primarily attributed to this 

accumulation of glutamate (Dirnagl et al., 1999; Camacho and Massieu, 2006). 

Glutamate is the most abundant excitatory neurotransmitter found in the 

mammalian brain (Meldrum, 2000). It acts on two distinct classes of receptors: ionotropic 

receptors (N-mehtyl-D-aspartate receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs), and kainate receptors) and metabotropic 

glutamate receptors (mGluR) (Hollmann et al., 1989; Keinanen et al., 1990; Hollmann 

and Heinemann, 1994). Overactivation of these receptors by increased levels of 

glutamate, such as during a stroke, usually leads to neuronal damage and death in a 
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process known as glutamate excitotoxicity (Olney and de Gubareff, 1978; Rothman, 

1983; Sattler and Tymianski, 2001). Glutamate excitoxicity is primarily Ca2+-dependent 

and the overactivation of NMDARs play a major role mainly due to their high Ca2+ 

permeability (Choi, 1988; Tymianski, 1996; Tymianski and Tator, 1996; Sattler and 

Tymianski, 2000). A large influx of Ca2+ into the cell results in the activation of Ca2+-

dependent enzymes, such as phospholipases, proteases, and endonucleases, which break 

down phospholipds, proteins, and nucleic acids, respectively, resulting in 

neuroinflammation and profound damage to the cell structure (Arundine and Tymianski, 

2003). In addition, Ca2+-induced activation of second messengers such as neuronal nitric 

oxide synthase (nNOS) leads to the generation of excessive levels of nitric oxide (NO). 

NO serves as a substrate for the production of highly reactive free radicals, such as 

reactive oxygen species (ROS), which can further induce cell death (Beckman and Crow, 

1993; Beckman and Koppenol, 1996; Abramov et al., 2007). Excessive Ca2+ influx also 

leads to mitochondrial dysfunction and release of pro-apoptotic proteins from the 

mitochondrial intermembrane space (Schinder et al., 1996; Vergun et al., 1999). 

Altogether, the sequence of events resulting from an ischemic stroke and involving 

excitotoxicity is referred to as the ichemic cascade and ultimately leads to neuronal death 

(Iadecola, 1997; Dirnagl et al., 1999; Sattler and Tymianski, 2001; Arundine and 

Tymianski, 2003; Celsi et al., 2009; Aggarwal et al., 2010) (Fig. 1).  

Following a stroke, the ischemic tissue in the core of the insult and in the 

surrounding regions is not equally affected by the hemodynamic, metabolic and ionic 

changes. In the core of the region affected by stroke, anoxic depolarization develops and
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Figure 1. The ischemic cascade. An ischemic stroke occurs when a blood vessel 
carrying blood to the brain is blocked by a blood clot. The disruption in oxygen delivery 
causes energy failure leading to excessive glutamate release and overactivation of 
glutamate receptors. Activation of NMDARs increases Ca2+ and Na+ levels in the 
postsynaptic neuron. Excessive Ca2+ overactivates degradative enzymes such as 
proteases, lipases, and endonucleases. As a result free radicals and reactive oxygen 
species (ROS) are generated causing membrane degradation (lipolysis), as well as 
mitochondrial and DNA damage, leading to eventual cell death. Adapted from Dirnagl et 
al., 1999. 
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cell death occurs rapidly via necrosis. In many cases, once these ischemic pathways have 

been initiated, re-establishing the oxygen supply is not enough to stop the irreversible 

effects of free radical production and cellular damage in the ischemic core. Surrounding 

the lethally damaged ischemic core is the ischemic penumbra, an area with partially 

preserved energy metabolism due to blood supply from collateral arteries (Kaufmann et 

al., 1999). This tissue remains viable for several hours and is damaged reversibly, 

however, without treatment, the ongoing excitotoxicity can eventually lead to secondary 

detrimental effects, such as spreading depolarization, post-ischemic inflammation, and 

apoptosis. Hence, the penumbral area is a good target for therapeutic intervention, since 

there is a window of opportunity to reverse the damage (Obrenovitch, 1995; Dirnagl et 

al., 1999; Doyle et al., 2008) (Fig. 2). 

 

1.1.2. Current stroke treatments  

At present, there are two major approaches for the treatment of ischemic stroke: 1) 

restoration of blood flow to the compromised region, which involves the use of 

thrombolytic recombinant tissue plasminogen activator (rt-PA), and 2) neuroprotection, 

which involves the use of drugs to interfere with one or more of the mechanisms in the 

ischemic cascade and thus minimize the resultant tissue damage. However, only 

thrombolysis is in clinical use in most parts of the world (Green and Shuaib, 2006).  

The basis of thrombolysis is the dissolution of blood clots, thereby restoring blood 

flow to the affected ischemic tissue. Although thrombolysis with rt-PA is clinically 

effective for treating acute ischemic stroke (NINDS, 1995), its use is limited by several 

factors. The restoration of blood flow, also referred to as reperfusion, has been shown to
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Figure 2. The ischemic core and penumbra. Following an ischemic event there are two 
zones of injury. The zone closest to the injury is the ischemic core, an area with severe 
ischemia, ultimately causing neurons and their supportive cells to die within minutes. The 
zone on the periphery of the core is called the ischemic penumbra, which consists of 
moderately ischemic tissue that lies between the core and the normally perfused brain. 
The tissue in the penumbra remains viable due to some continued blood flow from 
collateral arteries, however, without treatment the neurons will eventually die if the blood 
flow is not re-established within a few hours. While neurons in the ischemic core cannot 
be rescued, neurons in the penumbra are potential targets for therapeutic intervention. 
Modified from Dirnagl et al., 1999.  
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exacerbate the injury initially caused by ischemia in some patients and animal stroke 

models. Reperfusion injury is induced by the additional release of free radicals, resulting 

in further inflammation and oxidative damage (Matsuo et al., 1995; Morimoto et al., 

1996; Mori et al., 1999; Nour et al., 2013). There is also an increased risk of symptomatic 

intracranial hemorrhage, where about 5% of patients will experience hemorrhagic 

complications as a result of the drug administration (Wardlaw et al., 1997). Furthermore, 

rt-PA treatment can only be delivered to those with ischemic stroke admitted within three 

to four and a half hours of definite onset of symptoms, meaning that this treatment is 

administered to less than 5% of stroke patients (O'Connor et al., 1999; Quaba and 

Robertson, 2002).  

Neuroprotection is an entirely different approach and refers to the process of 

protecting against neuronal injury and degeneration. Overactivation of glutamate 

receptors, through the failure of ion homeostasis, and increase in intracellular Ca2+ 

concentration, as explained in section 1.1.1, is a major factor involved in initiating Ca2+-

dependent cell death (Aggarwal et al., 2010). Although Ca2+ accumulation can occur 

through voltage-dependent Ca2+ channels and the Na+/Ca2+ exchanger, as well as being 

released from neuronal intracellular stores, it appears that the overactivation of NMDARs 

may be the major route by which glutamate induces toxic Ca2+ influx (Murphy et al., 

1987; Choi et al., 1988; Finkbeiner and Stevens, 1988; Tymianski et al., 1993; Sattler et 

al., 1998). One way in which the toxicity of NMDAR-mediated Ca2+ entry is governed is 

by the coupling of NMDARs to neurotoxic intracellular second messengers, such as 

postsynaptic density-95 (PSD-95) protein (Sattler et al., 1999; Aarts et al., 2002). 

Therefore, a straightforward therapeutic approach would be to block these NMDARs that 
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are activated by glutamate. In fact, studies have shown that NMDAR antagonists 

demonstrate robust neuroprotection when given before or at the time of middle cerebral 

artery occlusion (MCAO) in animal models of permanent or reperfusion ischemia (Gotti 

et al., 1988; Park et al., 1989; Gotti et al., 1990; Scatton, 1994; Prass and Dirnagl, 1998). 

However, at present, no neuroprotective agents are proven to have a definite positive 

outcome in stroke patients, and all clinical trials, particularly those that block NMDARs, 

have failed (Grotta, 1995; Lees, 1997; Ginsberg, 2008). There are several possibilities as 

to why clinical trials have produced negative results, despite the abundance of therapeutic 

strategies that have decreased injury in animal models when using the same agents. Given 

that glutamate-mediated activation of NMDARs plays an important physiological role in 

learning, memory and synaptic plasticity, blocking NMDARs can also have serious side 

effects, such as psychotomimesis, respiratory depression or cardiovascular dysregulation 

(Ikonomidou and Turski, 2002). The side effects produced by most anti-excitotoxic 

compounds severely limit the tolerated dose, such that levels in humans reach only a fifth 

of the effective concentrations observed in rodent models (Grotta, 1995; Dirnagl et al., 

1999; Ikonomidou and Turski, 2002). It is therefore crucial to design neuroprotective 

drugs with fewer side effects and improved safety profiles and more favourable 

pharmacokinetics. A possible approach would be to target specific NMDAR subunits and 

design more selective drugs in the future that are clinically safer (Yamakura and Shimoji, 

1999).  
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1.2.  NMDA RECEPTORS (NMDARs) 

NMDARs are ligand-gated ion channels involved in a variety of important physiological 

processes, including synaptogenesis and synaptic plasticity (e.g., long-term potentiation 

(LTP) and long-term depression (LTD)). However, dysregulation of NMDAR activity 

can lead to stroke, pathological pain, and neurodegenerative and neuropsychiatric 

disorders (e.g. Alzheimer’s disease, depression, and schizophrenia) (Lau and Zukin, 

2007; Paoletti et al., 2013). NMDARs exhibit distinctive characteristics that differentiate 

them from other ligand-gated ion channels. First, binding of both glutamate and co-

agonists D-serine or glycine are required for the activation of the receptor (Johnson and 

Ascher, 1987; Kleckner and Dingledine, 1988; Schell et al., 1995; Mothet et al., 2000; 

Papouin et al., 2012). Second, extracellular Mg2+, at resting membrane potential, blocks 

the NMDAR channel pore, and can only be released upon membrane depolarization 

(Mayer et al., 1984). Lastly, NMDAR channels are highly permeable to Ca2+ (Mayer and 

Westbrook, 1987; Schneggenburger et al., 1993). This characteristic is the key trigger for 

many important physiological events (Lynch et al., 1983; Choi, 1987; Dudek and Bear, 

1992; Paoletti et al., 2013). 

 

1.2.1. Molecular biology of NMDARs 

Functional NMDARs are tetramers composed of two obligatory GluN1 subunits, of 

which there are eight splice variants encoded by a single gene, combined with two GluN2 

subunits, of which there are four subtypes (GluN2A–D), each encoded by four distinct 

genes. A third family of NMDAR subunits, GluN3, has also been described, which 

includes subtypes GluN3A and GluN3B (Cull-Candy and Leszkiewicz, 2004; Paoletti et 
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al., 2013). Each NMDAR subunit consists of four distinct domains: the N-terminal 

domain (NTD), which contains the binding sites for allosteric modulators; the agonist-

binding domain (ABD), which contains the binding sites for glycine/D-serine (GluN1) 

and glutamate (GluN2), and competitive antagonists; the transmembrane domain (TMD), 

made of three transmembrane segments (M1, M3, and M4) and a pore loop (M2), and 

lastly, the C-terminal domain (CTD), which binds to differential intracellular mediators 

involved in receptor trafficking, anchoring and coupling to signaling molecules 

(Hollmann and Heinemann, 1994; Kuryatov et al., 1994; Laube et al., 1997; Dingledine 

et al., 1999; Mayer, 2006; Traynelis et al., 2010; Paoletti et al., 2013) (Fig. 3). The 

subunit composition of the NMDAR is dynamic; changing during synaptic development, 

synaptic plasticity, and other physiological and pathophysiological processes, and 

dictates the functional properties of the receptor. Different GluN2 subunits within a 

heteromeric receptor differentially influence the receptors pharmacology and function 

depending on their regional and developmental expression, their subcellular location 

(synaptic or extrasynaptic sites), and their coupling to downstream signaling cascades 

(Yamakura and Shimoji, 1999; Cull-Candy and Leszkiewicz, 2004; Paoletti et al., 2013; 

Wyllie et al., 2013). 

 

1.2.2. NMDAR distribution and development: GluN1 and GluN2 subunits 

NMDARs are located both synaptically and extrasynaptically on postsynaptic neurons 

(van Zundert et al., 2004). The GluN1 subunit is expressed throughout the brain and is 

essential for NMDAR-channel activity (Watanabe et al., 1992; Akazawa et al., 1994). 
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Figure 3. Schematic representation of the NMDAR complex. (A) The differential 
locations of NMDARs on the postsynaptic neuron (synaptic or extrasynaptic sites) 
depending on the subunit composition. (B) All GluN subunits are made of four distinct 
domains: an N-terminal domain (NTD), a ligand-binding domain (LBD) formed from 
amino acid segments S1 and S2, a transmembrane domain (TMD) formed from four 
domains (M1–M4) and a P-loop, and a C-terminal tail (CTD). (C) NMDAR structure and 
binding sites. Adapted from Paoletti et al., 2013. 
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GluN2A and GluN2B subunits are predominantly expressed in the adult forebrain, while 

the GluN2C subunit is found particularly in the cerebellum, and the GluN2D subunit 

expression is limited to the diencephalon and the midbrain (Watanabe et al., 1992, 1993; 

Monyer et al., 1994).  

 Developmentally, GluN1 subunits are widespread both pre- and postnatally. 

GluN2B and GluN2D subunits are present in the prenatal brain. Shortly after birth, 

GluN2A subunit expression rises steadily and quickly predominates, reaching mature 

levels by postnatal day 21, while GluN2D subunit expression drops significantly and is 

expressed in low levels in the adult brain. GluN2B subunit levels remain high following 

birth, peaking around the first postnatal week and eventually declining to low adult 

levels. Lastly, the expression of GluN2C subunits appear late in development during 

postnatal day 10 and continues to be expressed at high levels in the adult brain (Watanabe 

et al., 1992; Williams et al., 1993; Monyer et al., 1994; Zhong et al., 1994; Portera-

Cailliau et al., 1996; Loftis and Janowsky, 2003; Sanz-Clemente et al., 2013). In the adult 

central nervous system, particularly in the hippocampus and cortex, GluN2A and 

GluN2B are the predominant subunits (Watanabe et al., 1992; Monyer et al., 1994), 

signifying their fundamental roles in synaptic function and plasticity, as well as neuronal 

excitotoxicity (Liu et al., 1996; Paoletti et al., 2013). 

 

1.2.3. Subcellular localization of GluN2A- and GluN2B-containing NMDARs 

NMDARs are differentially localized on postsynaptic neurons based on their subunit 

composition. One of the current controversial theories in the literature is that in the adult 

forebrain, GluN2A-containing NMDARs are enriched at synaptic sites and GluN2B-



	
   13 

containing NMDARs are more abundant extrasynaptically (Tovar and Westbrook, 1999; 

Steigerwald et al., 2000; Groc et al., 2006; Martel et al., 2009; Hardingham and Bading, 

2010; Sanz-Clemente et al., 2013). However, this separation is by no means absolute, and 

GluN2A- and GluN2B-containing NMDARs can also be found at extrasynaptic and 

synaptic sites, respectively (Liu et al., 2004; Thomas et al., 2006; Harris and Pettit, 2007; 

Petralia et al., 2010). GluN2A and GluN2B subunits exhibit very distinct characteristics. 

Of the two, GluN2A-containing NMDARs mediate currents with faster rise time and 

decay kinetics, and exhibit higher open probability and faster deactivation time courses. 

GluN2B-containing NMDARs mediate slower kinetics, lower open probability, and 

slower deactivation time courses (Vicini et al., 1998; Chen et al., 1999; Erreger et al., 

2005; Wyllie et al., 2013; Shipton and Paulsen, 2014). The differences in decay times 

have been used to determine the subunit composition of NMDARs during development. 

Early in brain development, NMDARs containing the GluN2B subunit dominate at the 

synapse and display long-duration NMDAR-mediated excitatory postsynaptic currents 

(EPSCs). Throughout development, the subunit composition of NMDARs change to 

more GluN2A-containing at the synapse and the decay becomes progressively faster 

(Hestrin, 1992; Monyer et al., 1994; Flint et al., 1997). These changes are accompanied 

by a decline in the ability of the GluN2B-selective antagonist ifenprodil to inhibit 

NMDAR currents (Williams et al., 1993; Kew et al., 1996; Quinlan et al., 1999; Mony et 

al., 2009b). For example, ifenprodil sensitivity in young (P2–9) rats is much higher due to 

the greater abundance of GluN2B-containing NMDAR subunits as compared to older 

(P16–21) rats (Bellone and Nicoll, 2007). Additionally, a previous study has reported that 

ifenprodil sensitivity in immature neurons (mostly GluN2B-containing NMDARs) is 
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similar to mature NMDAR whole-cell currents following extrasynaptic NMDAR current 

isolation using MK-801 (a use-dependent NMDAR antagonist) (Tovar and Westbrook, 

1999). Furthermore, the ifenprodil sensitivity at synaptic NMDARs was significantly less 

in mature neurons (Tovar and Westbrook, 1999). These studies demonstrate that 

NMDAR subunit composition is different depending on the subcellular localization, with 

GluN2A- and GluN2B-containing receptors dominating synaptic and extrasynaptic sites, 

respectively, in mature animals. 

The differences in localization of GluN2A- and GluN2B-containing NMDARs by 

surface diffusion to either synaptic or extrasynaptic sites are likely a result of several 

cellular processes. These may include changes in interactions with scaffolding proteins, 

subunit phosphorylation status, as well as extracellular factors. GluN2 subunits have 

divergent cytoplasmic CTDs, which interact with a variety of proteins of the postsynaptic 

density (Ryan et al., 2008) involved in NMDAR trafficking, clustering, localization and 

signaling (Collingridge et al., 2004; Kim and Sheng, 2004; Kohr, 2006; Lau and Zukin, 

2007). The domains on the C-terminal tail are critical to retain GluN2A- (Steigerwald et 

al., 2000) and GluN2B-containing NMDARs (Prybylowski et al., 2005) within synapses. 

Therefore, the lateral shift of subunits that occurs throughout development may be due to 

variations in lateral mobility and stabilization of the receptors. A particular role in the 

NMDAR subunit switch during development has been attributed to members of the 

membrane-associated guanylate kinases (MAGUKs), including synapse associated 

protein 102 (SAP102) and PSD-95 (van Zundert et al., 2004). SAP102 and PSD-95, 

which act as synaptic anchors, are preferentially associated with GluN2A- and GluN2B-

containing NMDARs. This implies that different NMDAR scaffolding proteins could 
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underlie the shifting localization of NMDARs with different subunit composition 

throughout synaptic development (Shi et al., 1997; Sans et al., 2000; Yoshii et al., 2003). 

The increased levels of PSD-95 throughout development and their preferential 

association with GluN2A subunits may displace GluN2B subunit-SAP102 complexes to 

extrasynaptic membranes (Shi et al., 2000; Townsend et al., 2003; Yoshii et al., 2003). In 

addition, the increased association of GluN2A-containing NMDARs with PSD-95 may 

underlie their increased stability at mature synapses compared to GluN2B-containing 

NMDARs, possibly due to a high proportion of PSD-95 compared to SAP-102 in the 

postsynaptic density (Groc et al., 2006). Thus, there is a progressive shift during 

development of GluN2B-containing NMDARs from synaptic to extrasynaptic sites. 

Extrasynaptic NMDARs are activated by excess glutamate spillover from the synaptic 

cleft during periods of high synaptic activity (Conti and Weinberg, 1999; Kullmann, 

1999). Therefore, these receptors may have a specific role during precise patterns of 

activity or in pathological conditions, such as stroke (Sattler et al., 2000; Hardingham et 

al., 2002; Vanhoutte and Bading, 2003; Arundine and Tymianski, 2004; Scimemi et al., 

2004). Moreover, extrasynaptic NMDARs are the target for neuronal and astrocytic 

glutamate release as a result of reversed activation of glutamate transporters during 

ischemia (Fellin et al., 2004; Waxman and Lynch, 2005; Hardingham and Bading, 2010). 

 

1.2.4. Intracellular signaling of synaptic and extrasynaptic NMDARs 

NMDARs with different subunit composition and localization have been shown to 

differentially regulate intracellular signaling cascades. The differences in synaptic and 

extrasynaptic signaling could be due to a combination of three factors. Firstly, synaptic 
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and extrasynaptic NMDARs could be coupled to different signaling pathways due to their 

location. Secondly, differences in signaling could be due to the way in which these 

distinct pools are activated: brief activation by trans-synaptic glutamate release (synaptic 

NMDARs) versus chronic low-level activation by ambient glutamate (extrasynaptic 

NMDARs). Thirdly, NMDAR subunit composition could play a role in the signaling 

differences between synaptic and extrasynaptic NMDARs due to the cytoplasmic C-

termini of the GluN2 subunits (Martel et al., 2009; Hardingham and Bading, 2010). 

There is evidence in the literature that GluN2 subtypes influence NMDAR 

excitotoxicity (Liu et al., 2007). The cytoplasmic CTDs of GluN2 subunits can 

differentially associate with signaling molecules (Ryan et al., 2008) and influence the 

toxicity of Ca2+ influx through NMDARs (Martel et al., 2012). GluN2A-containing 

NMDARs are generally associated with neuronal survival, whereas activation of 

GluN2B-containing NMDARs is coupled to cell death pathways (Liu et al., 2007). In one 

particular study, constructs were generated which encoded chimeric receptors based on 

GluN2B and GluN2A but with their respective CTDs replaced with each other’s (Martel 

et al., 2012). In this study it was reported that the CTD of GluN2B promotes 

excitotoxicity better than that of GluN2A. Furthermore, GluN2B CTD couples to a pro-

death PSD-95/nNOS-dependent cAMP response element binding protein (CREB) shut-

off pathway (Martel et al., 2012). Other groups have used the 20-mer peptide Tat-

NR2B9c, comprising the nine carboxy-terminal amino acids of the NMDAR GluN2B 

subunit fused to the 11-mer HIV-1 Tat protein transduction domain (Schwarze et al., 

1999; Stroke Therapy Academic Industry, 1999; Aarts et al., 2002; Fisher et al., 2009). 

This peptide acts by perturbing the protein-protein interaction between GluN2B and 
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PSD-95, the synaptic scaffolding protein that links NMDARs to neurotoxic signaling 

pathways (Kornau et al., 1995; Sattler et al., 1999; Cui et al., 2007). Treating rats, as well 

as non-human primates, subjected to MCAO with Tat-NR2B9c was found to be 

neuroprotective in multiple stroke models (Aarts et al., 2002; Sun et al., 2008; Bratane et 

al., 2011; Cook et al., 2012), and was also shown to reduce ischemic brain damage in 

humans (Hill et al., 2012). Moreover, GluN2B-specific antagonists, such as ifenprodil, 

have demonstrated a role for GluN2B-containing NMDARs in excitotoxicity (Gotti et al., 

1988; McDonald and Johnston, 1990; Graham et al., 1992; Shalaby et al., 1992; Tamura 

et al., 1993; Baskaya et al., 1997; Geng et al., 1997; Picconi et al., 2006; Liu et al., 2007).  

Synaptic and extrasynaptic NMDARs have opposing effects on the function of 

CREB, gene regulation, and cell fate (Vanhoutte and Bading, 2003; Hardingham and 

Bading, 2010; Parsons and Raymond, 2014). The transcription factor CREB is 

responsible for regulating the expression of many proteins, including the brain-derived 

neurotrophic factor (BDNF), which is important for neuronal survival (Shaywitz and 

Greenberg, 1999). The entry of Ca2+ through synaptic GluN2A-containing NMDARs 

activates the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway, inducing CREB 

phosphorylation and BDNF gene expression, which initiates a pro-survival program by 

reducing the expression of pro-apoptotic factors. In contrast, Ca2+ entry through 

extrasynaptic GluN2B-containing NMDARs inactivates the ERK1/2 pathway, triggering 

the CREB shut-off pathway. This inhibits BDNF gene expression and initiates the cell 

death pathway causing loss of mitochondrial membrane potential, an early indicator of 

neuronal damage mediated by glutamate (Hardingham et al., 2002; Ivanov et al., 2006; 

Cross et al., 2010; Hardingham and Bading, 2010; Kaufman et al., 2012) (Fig. 4). 



	
   18 

 

 

 

Figure 4. Opposing roles of synaptic and extrasynaptic NMDARs. The activation of 
synaptic and extrasynaptic NMDARs have opposite effects on CREB function, BDNF 
gene regulation, and neuronal survival. Modified from Vanhoutte and Bading, 2003. 
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There is evidence suggesting that increased activation of GluN2B-containing 

extrasynaptic NMDARs contribute, at least in part, to the toxicity seen in 

neurodegenerative disorders such as Huntington’s and Alzheimer’s disease, as well as in 

ischemic events (Hardingham and Bading, 2010; Lujan et al., 2012; Vizi et al., 2013; 

Parsons and Raymond, 2014). Therefore, neuroprotective therapies for such conditions 

should aim to disrupt extrasynaptic NMDAR-dependent death signaling. 

 

1.2.5. NMDARs and protons 

In addition to subunit composition, NMDAR function is modulated by protons (Tang et 

al., 1990; Vyklicky et al., 1990; Traynelis and Cull-Candy, 1991). This is of particular 

interest since acidic pH occurs as a consequence of ischemia due to the accumulation of 

lactic acid resulting from an increase in the rate of glycolysis. The extracellular pH in 

regions subjected to limited oxygen availability, such as the ischemic penumbra 

following a stroke, can drop by 0.2 to more than 1.0 pH units depending on the severity 

of the insult (Siemkowicz and Hansen, 1981; Meyer et al., 1986; Kaku et al., 1993; Doyle 

et al., 2008). Interestingly, studies have shown that acidic pH induces an inhibitory effect 

on NMDARs, while basic pH enhances NMDAR function. NMDARs have a pH 

sensitivity with an IC50 that is close to physiological pH, meaning that under normal 

conditions NMDARs are under tonic proton inhibition (Tang et al., 1990; Traynelis and 

Cull-Candy, 1990; Vyklicky et al., 1990; Traynelis and Cull-Candy, 1991; Low et al., 

2003; Dravid et al., 2007). Although many residues, both on GluN1 and GluN2 subunits,
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have been shown to control proton inhibition (Kashiwagi et al., 1997; Traynelis et al., 

1998; Masuko et al., 1999; Low et al., 2000; Zheng et al., 2001; Low et al., 2003), the 

precise location of the proton sensor within the ion channel complex remains unknown. 

Studies have reported that residues that influence proton sensitivity most strongly cluster 

in two regions closely associated with the activation gate of NMDARs (Low et al., 2003; 

Chang and Kuo, 2008; Gielen et al., 2008), suggesting that the proton sensor is likely 

coupled to the gating mechanism of NMDARs (Tang et al., 1990; Banke et al., 2005). 

Studies have shown that the inhibition of NMDARs by protons is mediated primarily by 

decreased frequency of channel opening, suggesting that a decrease in pH stabilizes the 

non-conducting state of NMDARs (Banke et al., 2005).  

Interestingly, several NMDAR allosteric modulators have been shown to modify 

the sensitivity of the proton sensor and alter NMDAR function (Traynelis et al., 1995; 

Mott et al., 1998; Choi and Lipton, 1999; Low et al., 2000). These compounds have 

enhanced function in varying pH conditions. For example, ifenprodil is neuroprotective 

in animal models of stroke, not only by being selective for GluN2B-containing 

NMDARs, but also by shifting the pKa of the proton sensor, and consequently increasing 

NMDARs sensitivity to inhibition by protons (Shalaby et al., 1992; Pahk and Williams, 

1997; Whittemore et al., 1997; Mott et al., 1998). A recently published study has reported 

that pH sensitive GluN2B-selective inhibitors are neuroprotective with minimal side 

effects (Yuan et al., 2015). Researchers found that in a mouse model of ischemic stroke, a 

GluN2B NMDAR antagonist called 93-31 reduced the volume of damaged brain tissue 

by more than half, and the mice did not experience the side effects observed with pan-

NMDAR antagonists, such as PCP. More importantly they found that this drug was ten 
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times more potent at acidic pH, typical for ischemic tissue with an insufficient blood 

supply, than at pH 7.6 (Yuan et al., 2015). Therefore, this suggests that such NMDAR 

antagonists, whose activity is dependent on acidic environments, would be active only in 

affected brain regions with decreased pH levels, such as the ischemic penumbra. 

Demonstrating that the potency of some compounds is increased at lower pH, as 

well as exhibiting NMDAR subunit selectivity, provides an interesting pharmacological 

avenue. This leads the way to the discovery of drugs with optimal pharmaceutical profiles 

and delivery methods for the treatment of brain injury involving overactivation of 

NMDARs and extracellular acidification. A drug that selectively targets GluN2B 

subunits, which is inactive at physiological pH but becomes therapeutically effective in 

the acidic environment that arises in some pathological conditions, could be the key in 

the treatment of ischemic stroke events. 

 

1.3.  N-ACETYL-ASPARTYL-GLUTAMATE (NAAG) 

N-acetyl-aspartyl-glutamate (NAAG) was first discovered in the mammalian nervous 

system and reported to be present in high micromolar to low millimolar concentrations 

(Curatolo et al., 1965; Miyamoto et al., 1966). Very little research on NAAG was 

published for nearly two decades following its discovery until a group published a series 

of articles further indicating the presence of NAAG in the nervous system and its 

interaction with a putative excitatory receptor (Zaczek et al., 1983; Koller and Coyle, 

1984; Koller et al., 1984; Bernstein et al., 1985; Ffrench-Mullen et al., 1985). According 

to the established criteria for identification of neurotransmitters, substantial data now 

support that NAAG is the most prevalent and widely distributed peptide neurotransmitter 
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in the mammalian nervous system (Miyake et al., 1981; Riveros and Orrego, 1984; 

Blakely et al., 1988b; Whittemore and Koerner, 1989). NAAG has been shown to 

modulate the glutamatergic system and is thought to play a key role in neuroprotection 

and synaptic plasticity (Neale et al., 2005). 

 

1.3.1. Biochemistry of NAAG 

NAAG appeared late in evolution with the highest concentration being found in the 

central nervous system of mammals. NAAG is widely distributed in projection neurons 

and interneurons in the human brain, particularly in glutamatergic neurons of the human 

cerebral cortex, amygdala, hippocampus, striatum, brainstem, and spinal cord (Anderson 

et al., 1986; Cangro et al., 1987; Forloni et al., 1987; Tieman et al., 1988; Tieman et al., 

1991; Tsai et al., 1993; Moffett et al., 1994; Moffett and Namboodiri, 1995; Passani et 

al., 1997; Renno et al., 1997).  

Endogenous NAAG is synthesized in neurons by the recently discovered N-

acetylaspartate L-glutamate ligase (NAAG synthetase), which joins N-acetyl-aspartate 

(NAA) and glutamate via a peptide bond in an enzyme-mediated process (Becker et al., 

2010; Collard et al., 2010; Lodder-Gadaczek et al., 2011). NAAG is concentrated in 

neuronal synaptic vesicles, and is released upon depolarization in a Ca2+-dependent 

manner from synaptic terminals (Forloni et al., 1987; Pittaluga et al., 1988; Tsai et al., 

1988; Williamson and Neale, 1988; Zollinger et al., 1988; Sekiguchi et al., 1989; Tsai et 

al., 1990; Williamson et al., 1991; Williamson and Neale, 1992; Zollinger et al., 1994; 

Renno et al., 1997; Neale et al., 2005). Studies in animal models of clinical disorders 

have demonstrated that, following synaptic release, NAAG plays a role in a broad 
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spectrum of neuronal circuits and nervous system functions, mainly through its action as 

an agonist at group II metabotropic glutamate receptor 3 (mGluR3), and its mixed 

agonist/antagonist effect at NMDARs (Fagg et al., 1986; Neale et al., 2005; Tsukamoto et 

al., 2007; Neale, 2011; Neale et al., 2011). NAAG is degraded by proteolytic cleavage 

into NAA and glutamate, by the astrocytic glycoproteins glutamate carboxypeptidase II 

(GCP-II) (Cassidy and Neale, 1993; Fuhrman et al., 1994; Slusher et al., 1999) and 

glutamate carboxypeptidase III (GCP-III) (Bzdega et al., 2004). A series of studies 

characterized the pharmacology and biochemistry of GCP-II activity in the rat brain 

(Robinson et al., 1987; Serval et al., 1990), and found it is widely distributed throughout 

the central nervous system, consistent with the distribution of NAAG (Blakely et al., 

1988a; Fuhrman et al., 1994; Berger et al., 1995; Sacha et al., 2007). The glutamate 

release from the hydrolytic reaction of NAAG is subject to reuptake by glial and neuronal 

transporters, while the NAA released is taken up by glial cells (Gehl et al., 2004; Baslow, 

2010) (Fig. 5). 

The release of NAAG, similar to other neuropeptides, is activity dependent 

(Slusher et al., 1999; Zhong et al., 2006). Under basal conditions, extracellular levels of 

NAAG in the hippocampus, as measured by microdialysis, are in the 0.5 µM to 1 mM 

range. Under conditions of enhanced neuronal activity, as was observed following 

traumatic brain injury, NAAG levels can increase 10- to 15-fold (Zhong et al., 2006). In 

this study, administration of a GCP-II inhibitor during brain trauma impeded the 

hydrolysis of NAAG, hence maintaining elevated NAAG concentrations while 

decreasing glutamate levels. This resulted in a significant reduction of neuronal and glial 

damage (Zhong et al., 2006). Therefore, GCP-II may have an important neuromodulatory 
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Figure 5. Model of the biochemical process of NAAG and NAA. NAA is combined 
with glutamate in the neuron to produce NAAG. NAAG is released from synaptic 
vesicles and acts as a co-transmitter with several other neurotransmitters, including 
glutamate. NAAG can inhibit glutamate release through its action as an agonist on 
presynaptic mGluR3, and may also bind to NMDARs, blocking their function during 
periods of neuronal excitation. NAAG also triggers release of transforming growth 
factor-β (TGFβ), through its action on mGluR3 in astrocytes. These are all factors 
possibly contributing to its neuroprotective effect in situations of high glutamatergic 
activity. Following synaptic release, NAAG is hydrolyzed by GCP-II (found on 
astrocytes) to NAA and glutamate. Modified from Benarroch E, 2008, Neurology.  
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and neuroprotective role during high levels of synaptic activity (Slusher et al., 1999).  

 

1.3.2. Clinical implications of NAAG and GCP-II inhibitors: Neuroprotection  

A series of pioneering studies have demonstrated the ability of GCP-II inhibitors to be 

therapeutically beneficial in cases of glutamate-mediated neuronal damage from brain 

injuries and neurological disorders (Slusher et al., 1999; Lu et al., 2000; Neale et al., 

2000; Williams et al., 2001; Neale et al., 2005; Zhou et al., 2005; Barinka et al., 2012). 

The first potent inhibitor of GCP-II, 2(phosphonomethyl)pentanedioic acid (2-PMPA), is 

a phosphonate analogue of glutamate (Jackson et al., 1996) and is highly selective for 

GCP-II with characteristics of low molecular weight and high aqueous solubility (Slusher 

et al., 1999; Bacich et al., 2002; Hlouchova et al., 2007). Over the last two decades, 

several more phosphonate-based GCP-II inhibitors have been designed and synthesized 

(e.g. 2-[[hydroxy[2,3,4,5,6-pentafluorophenyl)methyl]phosphinyl]methyl] pentanedioic 

acid; GPI-5232), as well as some less selective urea-based compounds (Jackson and 

Slusher, 2001; Tsukamoto et al., 2002; Oliver et al., 2003; Kozikowski et al., 2004; 

Maung et al., 2004; Barinka et al., 2008; Choy et al., 2013; Zhong et al., 2014). It has 

been shown that pre-stroke administration of 2-PMPA or GPI-5232 increased 

endogenous NAAG concentrations, decreased extracellular glutamate, reduced lesion 

volume and improved behavioural performance following transient MCAO in rats. In 

addition, continuous infusion of GPI-5232 was effective even when administered 2 hours 

after the ischemic injury (Slusher et al., 1999; Vornov et al., 1999; Lu et al., 2000; 

Williams et al., 2001; Cai et al., 2002; Zhong et al., 2005; Zhong et al., 2006). Numerous 

studies have also shown that an increase in NAAG is neuroprotective against NMDAR-
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mediated neurotoxicity without adverse side effects (Slusher et al., 1999; Vornov et al., 

1999; Tortella et al., 2000). Furthermore, GCP-II knockout mice exhibited a significantly 

smaller infarct volume than control littermates in a model of ischemic injury, and 

displayed normal neurological function and behaviour (Bacich et al., 2005). Therefore, in 

contrast to many glutamate receptor antagonist based neuroprotective strategies, GCP-II 

inhibitors do not cause adverse behavioural changes or deficits in learning and memory in 

animal models. 

Although the currently identified phosphonate- and urea-based GCP-II inhibitors 

are highly potent compounds and exhibit great potential, they are highly polar with 

limited oral bioavailability and blood-brain barrier penetration. This led to the discovery 

of the less polar thiol-based 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA, also 

known as GPI-5693), which was the first reported orally available GCP-II inhibitor and 

the first inhibitor to be tested in humans (Majer et al., 2003; van der Post et al., 2005). 

Although GPI-5693 did not cause any adverse side effects and showed tolerability at 

plasma concentrations, no further studies were conducted due to its low potency, as well 

as concerns regarding potential immunological toxicity, which is common to thiol-

containing drugs (Durand et al., 2013). Nonetheless, data from this first clinical 

evaluation of GPI-5693, along with evidence from several studies demonstrating the 

neuroprotective qualities of GCP-II inhibitors, without the known side effects associated 

with conventional glutamate receptor antagonists, strengthens the potential of GCP-II 

inhibitors to serve as a therapeutic target. A recently published study has reported a non-

invasive method for delivery of GCP-II inhibitors to the brain via intranasal 

administration on rodents and non-human primates. Of the three structurally distinct 
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GCP-II inhibitors that were evaluated, intranasal (i.n.) administration of 2-PMPA 

exhibited the highest level of brain penetration compared to intraperitoneal (i.p.) 

administration (Rais et al., 2015). The ability to deliver therapeutic concentrations of 2-

PMPA to the brain holds great therapeutic potential and may facilitate its use in clinical 

studies. 

 

1.3.3. NAAG and glutamatergic receptors 

Although it is well established that NAAG provides neuroprotection against ischemic 

stress, its physiological role at glutamatergic receptors remains complicated and 

controversial (Bergeron and Coyle, 2012). One of the roles of NAAG in the nervous 

system is the activation of mGluR3 receptors, which are localized presynaptically on 

neurons and glia (Wroblewska et al., 1993; Bischofberger and Schild, 1996; Ghose et al., 

1997; Wroblewska et al., 1997; Wroblewska et al., 1998; Lea et al., 2001; Sanabria et al., 

2004; Wroblewska et al., 2006; Adedoyin et al., 2010; Neale, 2011). When activated, 

these presynaptic mGluR3 receptors have been shown to inhibit release of 

neurotransmitters, including glutamate (Cartmell and Schoepp, 2000; Wroblewska et al., 

2006). Activation of mGluR3 receptors on glial cells also stimulates the release of 

neuroprotective growth factors from these cells (Bruno et al., 1998; Ciccarelli et al., 

1999). Interestingly, it has also been reported in some studies that NAAG does not have 

an effect on mGluR3 (Chopra et al., 2009; Fricker et al., 2009).  

The literature to date has also reported conflicting results regarding the effect of 

NAAG on NMDARs (Bergeron and Coyle, 2012). Some groups have described an 

agonist effect of NAAG on NMDARs (Westbrook et al., 1986; Sekiguchi et al., 1992; 
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Valivullah et al., 1994; Kolodziejczyk et al., 2009). Westbrook et al. showed that NAAG 

behaves as a very weak agonist at NMDARs in electrophysiological studies of the rat 

spinal cord (Westbrook et al., 1986). Additionally, ligand binding studies have shown 

that NAAG specifically interacts with NMDAR but not AMPAR or kainic acid binding 

sites (Valivullah et al., 1994). However, other studies have reported that NAAG behaves 

as an antagonist on NMDARs (Sekiguchi et al., 1989; Puttfarcken et al., 1993; Grunze et 

al., 1996; Bergeron et al., 2005; Bergeron et al., 2007). Puttfarcken et al. found that 

NAAG antagonized the release of norepinephrine from hippocampal slices evoked by 

glutamate and NMDA (Puttfarcken et al., 1993). It was also demonstrated in the 

hippocampus that NAAG and 2-PMPA reduce NMDAR EPSCs (Bergeron et al., 2005; 

Bergeron et al., 2007). The NAAG-induced inhibition of NMDARs was still observed 

even in the presence of LY341495, a potent and selective mGluR3 antagonist, suggesting 

that the effect of NAAG was not mediated by mGluR3 (Bergeron et al., 2005; Bergeron et 

al., 2007). Furthermore, whole-cell recordings show that exogenously applied NAAG or 

treatment with 2-PMPA prevents the induction of LTP at Schaffer collateral–CA1 

synapses (Bergeron et al., 2007). On the other hand, some have claimed no significant 

effect of NAAG on NMDARs (Lea et al., 2001; Losi et al., 2004; Fricker et al., 2009).  

Such reported discrepancies, concerning the effect of NAAG on NMDARs, in 

these studies could be due to multiple factors. These may include differences in NMDAR 

subunit composition, which depend on the developmental stage of the animal and brain 

region under investigation, as well as cell type. The differential expression of NMDARs 

may be responsible for why NAAG has no significant effect on NMDARs in cerebellar 

granule cells (Losi et al., 2004), while it may have some greater potency at these 
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receptors with different subunit composition in other systems. For example, a group 

reported that NAAG potentiated the effect of glutamate on oocytes injected with 

NMDAR subunit GluN1/2D but not GluN1/2A or 2B (Hess et al., 1999), a result that 

would suggest that the sensitivity of NMDARs to NAAG is subunit-dependent. 

Additionally, certain NMDAR complexes, such as those found in the spinal cord or 

olfactory neurons in culture (Westbrook et al., 1986; Trombley and Westbrook, 1990) 

may be sensitive to NAAG, while those expressed by cerebellar granule cells or cells in 

the lateral geniculate nucleus (Jones and Sillito, 1992), or hippocampal granule cells (Lea 

et al., 2001) may not. Therefore, the difference in sensitivity of NAAG on NMDARs 

could be due to the GluN2 subunit composition of these receptors. The experimental 

conditions in which NAAG and NMDARs are studied, such as variations in extracellular 

pH, could also lead to variability in the results. 
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2. OBJECTIVES AND HYPOTHESIS 

OBJECTIVES: Numerous studies have shown that an increase in NAAG, either by 

exogenous or endogenous manipulation, is neuroprotective against NMDAR-mediated 

neurotoxicity without adverse side effects (Slusher et al., 1999; Lu et al., 2000; Tortella et 

al., 2000; Cai et al., 2002). Although it is well established that NAAG has 

neuroprotective properties, the literature to date has reported conflicting results regarding 

its effect on NMDARs (Westbrook et al., 1986; Sekiguchi et al., 1989; Sekiguchi et al., 

1992; Losi et al., 2004; Bergeron et al., 2005; Bergeron et al., 2007; Fricker et al., 2009). 

It remains unclear whether the neuroprotective properties of NAAG are mediated through 

the modification of NMDAR activity, which could depend on the subunit composition 

and subcellular localization of the receptor, as well as extracellular conditions. To use 

NAAG therapeutically it is crucial to gain a better understanding of its possible 

mechanisms of action on NMDARs. Therefore, the objective of this thesis is to determine 

whether NAAG can have differential effects on NMDARs depending on subunit 

composition and extracellular pH. 

 

HYPOTHESIS: NAAG modulates NMDAR activity in a subunit-selective and pH-

dependent manner 

 

3. AIMS 

Using electrophysiological and biochemical methods, the present study aims to:  

1. Clarify the effect of NAAG on synaptic and extrasynaptic NMDARs 
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2. Determine the subunit specificity of NAAG on GluN2A- and GluN2B-containing 

NMDARs 

3. Investigate whether the effect of NAAG on NMDARs is pH-dependent  

4. Study the influence of NAAG on surface expression of NMDAR subunits 
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4. MATERIALS AND METHODS 

4.1. Slice preparation 

Acute coronal hippocampal brain slices (300 µm thick) were obtained from wild type 

Swiss mice of either sex (8–12 weeks old). Prior to decapitation, animals were 

anaesthetized by isoflurane inhalation, in agreement with the guidelines of the Canadian 

Council of Animal Care and approved by the University of Ottawa Animal Care 

Committee. The brain was removed and placed in oxygenated (95% O2 / 5% CO2) 

artificial cerebrospinal fluid (ACSF) at 4°C containing (in mM): 126 NaCl, 2.5 KCl, 2 

CaCl2, 1 MgCl2, 26 NaHCO3 and 10 glucose (300 mOsm, pH 7.2). Slices were cut with a 

vibrating microtome (Leica VT 1000S) and incubated for 1 hour in oxygenated ACSF at 

room temperature before they were used for experiments. 

 

4.2. Whole-cell electrophysiology on hippocampal slices 

Whole-cell voltage-clamp recordings were performed on CA1 pyramidal neurons from 

acute hippocampal slices using differential interference contrast optics and infrared video 

microscopy (IR-DIC; Leica DMLFSA). All experiments were performed at room 

temperature in ACSF and cells were voltage-clamped at –65 mV. A stable baseline 

recording was first obtained in normal ACSF. To isolate the NMDAR-mediated EPSC, 

ACSF with a low concentration of Mg2+ (0.1 mM) was used containing (in µM): 5 

NBQX, 50 picrotoxin, 10 bicuculline and 0.5 strychnine (all purchased from Tocris 

Bioscience). To isolate for extrasynaptic NMDAR-mediated EPSCs, 30 µM MK-801 

(purchased from Abcam) and 30 µM DL-TBOA (purchased from Tocris Bioscience) 

were included in the low Mg2+ ACSF as previously described (Hardingham et al., 2002; 
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Carpenter-Hyland et al., 2004; Harney et al., 2008; Imamura et al., 2008; Okamoto et al., 

2009; Hardingham and Bading, 2010; Xia et al., 2010; Li et al., 2011). When required, 

additional drugs were bath applied (in µM): 20 NAAG, 10 2-PMPA, 3 ifenprodil, 10 

LY341495 (all purchased from Tocris Bioscience) and 10 2-(phosphonomethyl)succinic 

acid (2-PMSA; a generous gift from Dr. Barbara Slusher). Extracellular solutions with 

modified pH values were prepared by replacing NaHCO3 in the ACSF with one of two 

different pH buffers (depending on their pH ranges), PIPES (20 mM) or HEPES (20 

mM), and the pH was adjusted to either 6.5, 6.8, or 7.6 with NaOH (Doroshenko and 

Renaud, 2009). For voltage-clamp recordings, borosilicate glass electrodes were filled 

with an internal solution containing (in mM): 128 Cs-methanesulfonate, 10 

tetraethylammonium-Cl, 10 HEPES, 0.6 EGTA, 2 MgCl2, 2 Mg-ATP, 0.5 Na-GTP (all 

purchased from Sigma-Aldrich) and 5 QX-314 (purchased from Abcam), and the pH was 

adjusted to 7.2 (280–290 mOsm). The recording electrodes had a resistance of 4–6 MΩ. 

The series resistance was continuously monitored throughout the experiment by 

delivering a 5 mV hyperpolarizing step at the onset of every electrophysiological sweep. 

Recordings with series resistance higher than 25 MΩ were discarded. EPSCs were 

evoked by electrical stimulation of the Schaffer collaterals in the CA3 region of the 

hippocampus with a bipolar stimulating electrode positioned in the Schaffer collaterals. 

The single stimulation protocol consisted of 100 µs current pulses (10–200 µA) evoked 

every 12 s. To facilitate the blocking of synaptic NMDAR currents by MK-801 

throughout the extrasynaptic NMDAR isolation protocol, the interval of stimulation was 

changed from 12 to 6 s during MK-801 application only. The intensity of the stimulation 
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was adjusted to obtain evoked postsynaptic currents in the amplitude range of 100–150 

pA. 

	
  

4.3. HEK293 cells maintenance and whole-cell electrophysiology 

HEK293 cells were maintained in minimal essential media supplemented with 10% fetal 

bovine serum, 100 u/ml penicillin/streptomycin, 100 µM neomycin, and 1× glutaMAXTM 

(all purchased from Life Technologies) and grown in a humidified 37oC, 5% CO2 

incubator. Twenty-four hours prior to transfection, approximately 0.18 × 106 cells were 

plated on Thermanox plastic coverslips (15 mm diameter, thickness 0.2 mm; Thermo 

Scientific) in 12-well plates. The cells were then transiently transfected with GluN1 

together with either GluN2A or GluN2B cDNAs using the TransIT-2020 transfection 

reagent (Mirus). For visualization purposes, mCherry fluorescent protein was used as co-

transfectant. The total amount of cDNA added for these triple transfections was 

approximately 1 µg per well at a cDNA molar ratio of 1:2:0.5 (GluN1:GluN2A:mCherry 

or GluN1:GluN2B:mCherry). Following transfection, the cells were grown in the 

presence of 100 mM DL-APV (selective NMDAR antagonist; purchased from Tocris 

Bioscience) to prevent overactivation of expressed receptors and subsequently cell death. 

Cells were used for electrophysiological recordings 48–72 h after transfection. 

Individually transfected HEK293 cells were then identified for whole-cell recordings and 

currents were evoked using pressure ejection (10 psi) from a picospritzer micropipette 

filled with glutamate (100 µM) and glycine (10 µM; both purchased from Sigma-Aldrich) 

for a duration of 5–30 ms every 20 s. For HEK293 cell electrophysiological recordings, 

the external solution contained (in mM): 150 NaCl, 10 HEPES, 3 KCl and 2 CaCl2. The 
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pH was adjusted accordingly using 5 M NaOH and the osmolality to 290 mOsm using 

sucrose. The borosilicate electrodes were filled with internal solution containing (in mM): 

115 NaCl, 10 NaF, 5 HEPES, 5 Na4-BAPTA, 0.5 CaCl2, 1 MgCl2 and 10 Na2-ATP (all 

purchased from Sigma-Aldrich), and the pH was adjusted to 7.2 (280–290 mOsm). 

 

4.4. Analysis 

Data were collected using a Multiclamp 700A amplifier (Axon Instruments), filtered at 2 

kHz and digitized at 10 kHz by a Digidata 1320 digitizer (Molecular Devices). 

Recordings were analyzed using the pClamp 9 software suite (Molecular Devices). 

Statistical significance of the results was determined with paired (two-tailed) Students t-

test. A P value of < 0.05 was considered statistically significant. All values are expressed 

as mean ± SEM. Kinetic analysis of NMDAR currents was performed on averaged traces. 

Decay kinetics were measured using a biexponential fit to calculate a weighted τ value 

(τw). No significant differences in decay kinetics or 10–90% rise times were observed 

between control and treatment in any of the experimental conditions (p > 0.05; Table 1, 

Table 2, Table 3).  

 

4.5. Cell surface biotinylation assay and western blotting 

Acute coronal hippocampal slices from mice were prepared, as described above, and the 

hippocampi from each slice were isolated, pooled, and allowed to recover. The 

hippocampi were then divided into six groups and incubated for 20 min at room 

temperature at pH 7.2, 6.8, or 7.6 in either the presence or absence of NAAG. 
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Table 1. Measurement of decay kinetics and 10–90% rise times of NMDAR  
currents following application of NAAG or 2-PMPA in hippocampal slices  
and HEK293 cells.  

  Decay τw (ms) 
  Ctrl NAAG  Ctrl 2-PMPA 

Sl
ic

e Synaptic 105.4 ± 7.9 95 ± 5.9  117.5 ± 12.6 117.9 ± 15.9 

Extrasynaptic 193.7 ± 12.3 182.4 ± 10.4  190 ± 17.4 259.9 ± 48.7 

H
E

K
29

3 GluN2A 593.4 ± 6.4 623.2 ± 41.2  – – 

GluN2B 3826.6 ± 941.8 3890.9 ± 792.4 
 – – 

  Rise time (ms) 
  Ctrl NAAG  Ctrl 2-PMPA 

Sl
ic

e Synaptic 16.7 ± 3.3 15.2 ± 2.3  11.6 ± 1.2 10.9 ± 0.7 

Extrasynaptic 26.9 ± 7.6 31.1 ± 7.2  29.3 ± 3 33.9 ± 2.9 

H
E

K
29

3 GluN2A 166.2 ± 18.5 142.7 ± 31.1  – – 

GluN2B 137.5 ± 19.6 142.6 ± 18.2  – – 

Data are mean ± SEM of at least three cells. No significant differences were  
observed in all cases (p > 0.05). 
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Table 2. Measurement of decay kinetics and 10–90% rise times of NMDAR currents in hippocampal 
slices and HEK293 cells in different pH conditions.	
  

  Decay τw (ms) 

  Ctrl pH 6.5  Ctrl  pH 6.8  Ctrl pH 7.6 

Sl
ic

e Synaptic 127.7 ± 14 143.2 ± 3.6 
 

106.6 ± 4.8  127.7 ± 5.3 
 

96.8 ± 6.7 95.2 ± 7.5 

Extrasynaptic 215.3 ± 32.4 268.7 ± 12.9 
 

178.2 ± 20.2  238.5 ± 29.7 
 

323.7 ± 25.5 266.3 ± 22.7 

H
E

K
29

3 GluN2A – –  
584.2 ± 132.1 422.7 ± 104.8 

 
871.2 ± 261.9 1255.1 ± 349.6 

GluN2B – –  
3262.2 ± 854.8 2890.9 ± 369.5 

 
3336.7 ± 409.2 3426.3 ± 117.6 

  Rise time (ms) 

  Ctrl pH 6.5  Ctrl pH 6.8  Ctrl pH 7.6 

Sl
ic

e Synaptic 14.7 ± 0.8 14.5 ± 1.8 
 

14.6 ± 1.2 12.2 ± 0.8 
 

11.5 ± 1 11.6 ± 0.8 

Extrasynaptic 24.1 ± 1.8 29.7 ± 4.5 
 

21.2 ± 1.4 29.5 ± 5.7 
 

35.4 ± 1.4 38.5 ± 2.9 

H
E

K
29

3 GluN2A – –  
127.2 ± 26.4 108.5 ± 29.4 

 
81.9 ± 29.8 86.7 ± 22.6 

GluN2B – – 
 

205.4 ± 37.2 150.7 ± 38.9 
 

254.1 ± 22.5 238.9 ± 25.4 

Data are mean ± SEM of at least three cells. No significant differences were observed in all cases (p > 0.05). 
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Table 3. Measurement of decay kinetics and 10–90% rise times of NMDAR currents in hippocampal 
slices and HEK293 cells in different pH conditions following NAAG application.	
  

  Decay τw (ms) 

  pH 6.5  pH 6.8  pH 7.6 

  Ctrl NAAG  Ctrl NAAG  Ctrl NAAG 

Sl
ic

e Synaptic 135.3 ± 10.2 140.2 ± 6.6 
 

130.2 ± 10.1 148.4 ± 8.6 
 

93.6 ± 10.8 84.6 ± 10.6 

Extrasynaptic 267.5 ± 13.9 289.4 ± 58.3 
 

228.9 ± 26.2 264.5 ± 48.7 
 

316.2 ± 59.8 219 ± 29.5 

H
E

K
29

3 GluN2A – –  265.1 ± 24.4 274.1 ± 30 
 

468.9 ± 140.5 462.1 ± 135.5 

GluN2B – –  3646.2 ± 447.6 3846.8 ± 835.1 
 

2976.9 ± 988.6 2718.6 ± 789.6 

  Rise time (ms) 

  pH 6.5  pH 6.8  pH 7.6 

  Ctrl NAAG  Ctrl NAAG  Ctrl NAAG 

Sl
ic

e Synaptic 13 ± 1.9 14.2 ± 1.7 
 

11.5 ± 0.9 13.2 ± 1.3 
 

9.4 ± 0.9 11.2 ± 1.6 

Extrasynaptic 29.5 ± 4.5 34.4 ± 4.2 
 

26.1 ± 4.5 32.8 ± 4.3 
 

42.5 ± 3.9 41 ± 2.1 

H
E

K
29

3 GluN2A – –  92.8 ± 17.5 90.1 ± 18.6 
 

80.3 ± 16.6 72.2 ± 11.5 

GluN2B – –  151.2 ± 21.1 138.3 ± 10 
 

163.8 ± 46.4 161.9 ± 41.8 

Data are mean ± SEM of at least three cells. No significant differences were observed in all cases (p > 0.05). 
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Biotinylation of surface proteins was performed following a previously published 

protocol (Pabba et al., 2014) with some modifications. To biotinylate surface proteins, the 

hippocampal slices (300 µm) were incubated for 20 min in ice cold (4°C), freshly made 

0.5 mg/ml EZ-sulfo-NHS-SS-biotin (Pierce/Thermo Scientific) in phosphate-buffered 

saline (PBS, in mM: 137 NaCl, 2,7 KCl, 10 Na2HPO4, 1.8 KH2PO4, pH 7.4). Excess 

biotin was removed by washing the slices six times with cold supplemented Tris-buffered 

saline (TBS) (in mM: 20 Tris-HCl, 13.7 NaCl, and 0.5 KCl, pH 7.4). Slices were then 

homogenized in lysis buffer (in mM: 150 NaCl, 20 HEPES, 2 EDTA, 1×Protease 

Inhibitor, pH 7.4) using a Dounce homogenizer followed by sonication for 2×10 s. Cell 

debris was removed by centrifugation for 10 min at 14,000 rcf and the supernatants were 

incubated for 1 hour at 4°C with prewashed neutravidin beads (Pierce/Thermo Scientific) 

to capture biotinylated proteins. After washing six times with PBS supplemented with 

0.05% SDS, the bound proteins were recovered from the beads with 400 µl of elution 

buffer (in mM: 50 Tris-HCl, 1 DTT; 2% SDS, pH 6.8) by boiling for 10 min. Protein 

concentrations were determined using DC assay (Bio-Rad) before Western blot. 

Total membrane proteins (10 µg) were loaded and resolved as entire series on 8% 

SDS-PAGE and transferred to PVDF membranes. Primary antibodies used were anti-

GluN1 (1:10,000; Synaptic Systems GmbH); anti-GluN2A and anti-GluN2B (both 1:750; 

LifeSpan Biosciences), and anti-Na+/K+-ATPase (Developmental Studies Hybridoma 

Bank). The blots were developed with Luminata Forte (Millipore) and visualized using 

the LI-COR Odyssey Fc System (LI-COR Biosciences). The band intensities were 

quantified using the Image Studio 2.0 software (LI-COR Biosciences) and normalized to 
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Na+/K+-ATPase, which remained unchanged with treatment. Statistics were done using 

one-way ANOVA and Tukey’s post-hoc test with 95% confidence interval. All values are 

expressed as mean ± SEM. 
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5. RESULTS 

5.1. NAAG differentially modulates synaptic and extrasynaptic NMDAR function 

in acute hippocampal slices 

Using adult mice, we set out to investigate the role of NAAG in the regulation of 

NMDAR activity. The effect of NAAG on synaptic NMDAR activity was tested in the 

mouse hippocampus. Whole-cell currents from acute brain slices of CA1 pyramidal 

neurons were recorded and NMDAR EPSCs were isolated. For all experiments, control 

was established in the last 5 min of baseline recording before application of any 

treatment, and all data was thereafter normalized to this control (unless otherwise stated). 

Following a stable baseline recording, NAAG (20 µM) was perfused for 15 min followed 

by a 20 min washout. In the presence of NAAG, we observed a 44 ± 12.6% increase in 

NMDAR-mediated EPSC amplitude (n = 5 cells, p < 0.05; Fig. 6A,B). The effect of 

NAAG persisted even following washout, which has similarly been observed in other 

studies utilizing NAAG (Sanabria et al., 2004; Bergeron et al., 2007; Walder et al., 2013). 

Since no recovery was observed for 20 min in any of the experiments, only up to 10 min 

of washout is shown in all figures. Similar experiments were performed using the GCP-II 

inhibitor, 2-PMPA (10 µM), which endogenously increases the level of NAAG (Jackson 

et al., 1996; Slusher et al., 1999; Nagel et al., 2006). In agreement with the results 

obtained with exogenous application of NAAG, 2-PMPA significantly increased the 

amplitude of the NMDAR EPSC by 29 ± 6.1% (n = 6 cells, p < 0.05; Fig. 6C,D). To 

confirm that the effect of 2-PMPA was the result of its inhibitory effect on GCP-II and 

the consequent elevation of NAAG, we used 2-PMSA (10 µM), a structurally similar but 

inactive analogue of 2-PMPA (Jackson et al., 1996; Slusher et al., 1999). Our data shows
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Figure 6. Endogenous and exogenous NAAG potentiate synaptic NMDAR EPSCs in 
acute hippocampal slices in physiological pH. (A) CA1 pyramidal neurons were 
recorded from hippocampal slices and the average amplitude of evoked synaptic 
NMDAR EPSCs were plotted during a 15 min exogenous NAAG application followed by 
washout and compared to control (represented by dotted line; n = 5 cells). Representative 
traces of synaptic NMDAR EPSCs of a control and NAAG-treated CA1 pyramidal 
neuron are also shown. (B) Representative bar graph from data in (A) showing average 
synaptic NMDAR EPSC amplitudes 5 min before NAAG application (Ctrl), during the 
last 5 min of NAAG treatment (NAAG), and during washout (Wash). (C) Average 
synaptic NMDAR EPSC amplitudes plotted during a 15 min 2-PMPA application 
followed by washout and compared to control (represented by dotted lines) (n = 6 cells). 
Representative traces of synaptic NMDAR EPSCs of a control and 2-PMPA-treated CA1 
pyramidal neuron are also shown. (D) Representative bar graph from data in (C) showing 
average synaptic NMDAR EPSC amplitudes 5 min before 2-PMPA application (Ctrl), 
during the last 5 min of 2-PMPA treatment (2-PMPA), and during washout (Wash). The 
averages of the current amplitudes are normalized to the last 5 min of control in all cases. 
Data expressed as mean ± SEM. *, p < 0.05. 
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that 2-PMSA had no effect on NMDAR EPSCs (n = 4, p > 0.05; Fig. 7A,B). 

To control for any influence that mGluR3 may have had on these results, similar 

experiments were conducted in the presence of LY341495 (10 µM), a potent and 

selective group II mGluR antagonist. The effect of NAAG (n = 5) and 2-PMPA (n = 5) 

on NMDAR EPSCs was sustained throughout the application of LY341495 (p < 0.05; 

Fig. 8A), suggesting that the observed effect was not mediated by activation of mGluR3. 

Furthermore, to demonstrate that the effects of NAAG and 2-PMPA are not mediated by 

presynaptic neurotransmitter release, we performed a paired pulse paradigm. No 

difference in the ratio of successive responses (amplitude 2/amplitude 1) was observed 

following application of either NAAG (n = 3 cells, p > 0.05) or 2-PMPA (n = 3 cells, p > 

0.05; Fig. 8C). This is in agreement with a previous study also reporting no presynaptic 

effect of NAAG at CA1 synapses (Bergeron et al., 2005). These data suggest that the 

action of NAAG on the NMDAR EPSCs is mediated postsynaptically. 

In the neonatal brain, GluN2B-containing NMDARs, characterized by slower 

decay kinetics, dominate at the synapse. Following postnatal development the subunit 

composition changes to be more GluN2A-containing at the synapse and GluN2B-

containing extrasynaptically (Cull-Candy et al., 2001; Loftis and Janowsky, 2003; van 

Zundert et al., 2004; Sanz-Clemente et al., 2013). To investigate the influence of NAAG 

on NMDARs with different subunit compositions and subcellular localization, a 

previously established pharmacological paradigm (Fig. 9A) was used to block the activity 

of synaptic NMDARs, enabling us to specifically study the effect of NAAG on 

extrasynaptic NMDARs in adult mice (Hardingham et al., 2002; Carpenter-Hyland et al., 
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Figure 7. No effect of 2-PMSA, the inactive analogue of 2-PMPA, on synaptic 
NMDAR EPSCs in physiological and acidic pH. The effect of 2-PMSA on synaptic 
NMDAR-mediated EPSCs at pH 7.2 (n = 4) (A) and pH 6.8 (n = 3) (C) were measured 
and plotted. The average NMDAR amplitudes following 2-PMSA treatment and washout 
were normalized to their corresponding controls of pH change alone before application of 
2-PMSA (control represented by dotted lines). (B) and (D) Representative bar graph of 
(A) and (C) showing normalized average of synaptic NMDAR EPSC amplitudes in pH 
7.2 (B) and pH 6.8 (D) 5 min before 2-PMSA application (Ctrl), and the last 5 min of 2-
PMSA treatment (2-PMSA). Data expressed as mean ± SEM. 
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Figure 8. The effects of endogenous and exogenous NAAG on NMDARs are not 
mediated by mGluR3 or by presynaptic neurotransmitter release. Representative bar 
graph showing average synaptic NMDAR EPSC amplitudes in the presence of the 
mGluR3 antagonist, LY341494 in physiological pH (A) and acidic pH (B), 5 min before 
drug application (Ctrl), and during the last 5 min of treatment with either NAAG (n = 5 
cells, pH 7.2; n = 4 cells, pH 6.8) or 2-PMPA (n = 5 cells, pH 7.2; n = 4, cells pH 6.8). 
The averages of the current amplitudes are normalized to the last 5 min of control. (C) 
Representative bar graph showing the effect of NAAG and 2-PMPA on paired pulse 
stimulation on pyramidal neurons in normal ACSF. Two pulses of identical intensity 
were delivered with an interval of 100 ms and the ratio between the amplitude of the 
second (A2) and the first (A1) evoked response was measured for control (Ctrl) and 
following treatment with either NAAG (n = 3 cells) or 2-PMPA (n = 3 cells). Data 
expressed as mean ± SEM. *, p < 0.05. 
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Figure 9. Pharmacological paradigm used to isolate extrasynaptic NMDARs. (A) 
MK-801, an irreversible use-dependent NMDAR antagonist, was bath applied to block 
synaptic NMDARs. Following washout of MK-801, the slice was treated with DL-TBOA, 
a glutamate reuptake inhibitor, in order to activate the extrasynaptic NMDAR population. 
(B) MK-801 effectively reduced the NMDAR EPSC, and the addition of DL-TBOA was 
able to partially recover the current by activating extrasynaptic NMDARs (n = 6 cells). 
The averages of the current amplitudes are normalized to the last 5 min of control. Data 
expressed as mean ± SEM. *, p < 0.05. 
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2004; Harney et al., 2008; Imamura et al., 2008; Okamoto et al., 2009; Hardingham and 

Bading, 2010; Xia et al., 2010; Li et al., 2011). MK-801 (30 µM), an irreversible use-

dependent antagonist (Huettner and Bean, 1988), was used to block synaptic NMDARs. 

The glutamate reuptake inhibitor, DL-TBOA (30 µM), was then applied, allowing 

glutamate to diffuse away from the synapse and activate the extrasynaptic NMDAR 

population (Fig. 9B) (Clements et al., 1992).  

 Analysis of extrasynaptic NMDAR EPSCs indicates they are primarily GluN2B-

containing due to their characteristically slow decay kinetics, as compared to the faster 

GluN2A-containing NMDARs (Table 1). In addition, there is ample evidence supporting 

the notion that GluN2B-containing NMDARs dominate extrasynaptic sites in mature 

animals, as reported by several studies utilizing the selective GluN2B inhibitor, ifenprodil 

(Tovar and Westbrook, 1999; Bellone and Nicoll, 2007; Mony et al., 2009b). To further 

verify NMDAR subunit distinction in our system we measured and demonstrated a 

difference in ifenprodil sensitivity on synaptic and extrasynaptic NMDARs. Following 

synaptic NMDAR isolation and a stable baseline recording, ifenprodil (3 µM) was bath 

applied for 15 min. We observed an 11 ± 3.2% increase in NMDAR-mediated EPSC 

amplitudes (n = 4 cells, p < 0.05; Fig. 10A). On the other hand, when ifenprodil was bath 

applied for 15 min following isolation of extrasynaptic NMDARs we observed a 

significant 49 ± 5.3% decrease in NMDAR-mediated EPSC amplitudes (n = 5 cells, p < 

0.05; Fig. 10B). These findings clearly show an inhibition of extrasynaptic NMDARs by 

ifenprodil, however, no detectable sign of inhibition was observed on synaptic NMDARs. 

In addition, control experiments showing stable baseline recordings of NMDAR EPSCs
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Figure 10. Ifenprodil sensitivity on synaptic and extrasynaptic NMDAR EPSCs in 
acute hippocampal slices in physiological pH. (A) Average synaptic NMDAR EPSC 
amplitudes plotted during a 15 min application of ifenprodil and compared to control 
(represented by dotted line; n = 4 cells). Representative bar graph showing average 
synaptic NMDAR EPSC amplitudes 5 min before ifenprodil application (Ctrl), and 
during the last 5 min of ifenprodil treatment (Ifenprodil). (B) Average extrasynaptic 
NMDAR EPSC amplitudes plotted during a 15 min application of ifenprodil and 
compared to control (represented by dotted line; n = 5 cells). Representative bar graph 
showing average extrasynaptic NMDAR EPSC amplitudes 5 min before ifenprodil 
application (Ctrl), and during the last 5 min of ifenprodil treatment (Ifenprodil). The 
averages of the current amplitudes are normalized to the last 5 min of control in all cases. 
Data expressed as mean ± SEM. *, p < 0.05. 
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over time in the absence of NAAG on both synaptic and extrasynaptic NMDARs are 

shown (p > 0.05; Fig. 11A,B). This demonstrates that NMDAR subunit composition is 

indeed different depending on the subcellular localization of the receptor, with GluN2A- 

and GluN2B-containing receptors dominating synaptic and extrasynaptic sites, 

respectively.  

With the establishment of the extrasynaptic isolation paradigm, we next set out to 

determine the effect of NAAG on NMDARs that are located extrasynaptically. Following 

isolation of extrasynaptic NMDARs, NAAG or 2-PMPA was bath applied for 15 min, 

and we observed that both compounds significantly reduced the amplitude of the 

NMDAR EPSC. In the presence of NAAG, the decrease in amplitude was 27 ± 6.9% (n = 

4 cells, p < 0.05; Fig. 12A,B) and in the presence of 2-PMPA it was 41 ± 4.7% (n = 8 

cells, p < 0.05; Fig. 12C,D). This indicates that NAAG blocks NMDARs located 

extrasynaptically. Altogether, these results show that NAAG potentiates synaptic 

GluN2A-containing NMDAR EPSCs and inhibits extrasynaptic GluN2B-containing 

NMDAR EPSCs, suggesting that NAAG can evoke differential responses on NMDAR 

activity depending on its subunit composition and subcellular localization. 

 

5.2. A subunit specific action of NAAG on GluN2A- and GluN2B-containing 

NMDARs in HEK293 cells 

In native tissue, synaptic and extrasynaptic NMDAR populations are not homogenously 

GluN2A- or GluN2B-containing, but include both with one dominating (Suarez et al., 

2010; Tovar et al., 2013). In order to validate that NAAG has distinctive effects on 

NMDARs with different subunit composition, we utilized an in vitro recombinant 
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Figure 11. Stable baseline recordings. (A) Stable baseline recordings of average 
synaptic NMDAR EPSC amplitudes over a period of 30 min (n = 5 cells). (B) Stable 
baseline recordings of average extrasynaptic NMDAR EPSC amplitudes over a period of 
30 min (n = 7 cells). (C) and (D) Stable baseline recordings of NMDAR currents over a 
period of 30 min in both GluN2A- (n = 5 cells) and GluN2B-containing (n = 4 cells) 
NMDARs, respectively. 
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Figure 12. Endogenous and exogenous NAAG inhibit extrasynaptic NMDAR EPSCs 
in acute hippocampal slices in physiological pH. (A) Average extrasynaptic NMDAR 
EPSC amplitudes plotted during a 15 min exogenous NAAG application followed by 
washout and compared to control (represented by dotted line; n = 4 cells). Representative 
traces of extrasynaptic NMDAR EPSCs of a control and NAAG-treated CA1 pyramidal 
neuron are also shown. (B) Representative bar graph from data in (A) showing average 
extrasynaptic NMDAR EPSC amplitudes 5 min before NAAG application (Ctrl), during 
the last 5 min of NAAG treatment (NAAG), and during washout (Wash). (C) Average 
amplitude of extrasynaptic NMDAR EPSCs plotted during a 15 min 2-PMPA application 
followed by washout and compared to control (represented by a dotted line) (n = 8 cells). 
Representative traces of extrasynaptic NMDAR EPSCs of a control and 2-PMPA-treated 
CA1 pyramidal neuron are also shown. (D) Representative bar graph from data in (C) 
showing average extrasynaptic NMDAR EPSC amplitudes 5 min before 2-PMPA 
application (Ctrl), during the last 5 min of 2-PMPA treatment (2-PMPA), and during 
washout (Wash). The averages of the current amplitudes are normalized to the last 5 min 
of control in all cases. Data expressed as mean ± SEM. *, p < 0.05. 
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system. To establish cells containing a specified subunit makeup of NMDARs, HEK293 

cells were transiently cotransfected with constructs encoding the GluN1 subunit in 

combination with either GluN2A or GluN2B subunits. Decay kinetics were measured for 

both GluN2A and GluN2B transfected HEK293 cells to ensure the correct subunit 

composition of the NMDARs. As expected, GluN2B-containing cells had slower kinetics 

than the GluN2A-containing cells (Table 1). Following application of NAAG on 

GluN2A-transfected HEK293 cells, there was a significant increase of 15 ± 4.4% in the 

NMDAR current amplitude (n = 7 cells, p < 0.05; Fig. 13A,B). However, in the GluN2B-

transfected HEK293 cells, there was a significant decrease of 18 ± 9.1% in the NMDAR 

current amplitude in the presence of NAAG (n = 9 cells, p < 0.05; Fig. 13C,D). 

Furthermore, we performed control experiments showing stable baseline recordings of 

NMDAR currents over time in the absence of NAAG in both GluN2A- and GluN2B-

containing NMDARs (p > 0.05; Fig. 11C,D). The results from our HEK293 recordings 

are in agreement with the data obtained from acute hippocampal slices and further 

support that NAAG potentiates GluN2A-containing NMDAR currents, while inhibiting 

GluN2B-containing NMDAR currents. Therefore, the data presented thus far demonstrate 

that NAAG has different effects on NMDAR activity depending on subunit composition. 

 

5.3. Protons regulate the activity of NMDARs in acute hippocampal slices and 

HEK293 cells 

In addition to subunit specificity, the effect of NAAG on NMDARs may also be pH 

dependent, whereby a higher potency in acidic ischemic conditions may underlie its 
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Figure 13. NAAG potentiates GluN2A-containing NMDAR currents and inhibits 
GluN2B-containing NMDAR currents in HEK293 cells in physiological pH. (A) 
GluN1/GluN2A-transfected HEK293 cells were recorded and the average NMDAR 
current amplitudes were plotted during a 15 min treatment with exogenous NAAG and 
compared to control (represented by a dotted line) (n = 7 cells). Representative traces of 
NMDAR currents of a control and NAAG-treated HEK293 cell are also shown. (B) 
Representative bar graph from data in (A) showing the average of GluN2A-containing 
NMDAR current amplitudes 5 min before NAAG application (Ctrl), during the last 5 min 
of NAAG treatment (NAAG) and during washout (Wash). (C) GluN1/GluN2B-
transfected HEK293 cells were recorded and the average NMDAR current amplitudes 
were plotted during a 15 min treatment with exogenous NAAG and compared to control 
(represented by a dotted line) (n = 9 cells). Representative traces of NMDAR currents of 
a control and NAAG-treated HEK293 cell are also shown. (D) Representative bar graph 
from data in (C) showing the average of GluN2B-containing NMDAR current amplitudes 
5 min before NAAG application (Ctrl), during the last 5 min of NAAG treatment 
(NAAG), and during washout (Wash). The averages of the current amplitudes are 
normalized to the last 5 min of control in all cases. Data expressed as mean ± SEM. *, p < 
0.05. 
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neuroprotective mechanism (Shalaby et al., 1992; Pahk and Williams, 1997; Whittemore 

et al., 1997; Mott et al., 1998). We first established that the pH-dependent regulation of 

NMDARs occurs in our system. Synaptic and extrasynaptic NMDAR EPSCs were 

recorded in different pH conditions (6.5, 6.8, and 7.6) and normalized to baseline (pH 

7.2). There was an 80 ± 3.2% reduction of the synaptic NMDAR EPSC amplitude at pH 

6.5 (n = 10 cells, p < 0.05), and a 50 ± 3.9% reduction at pH 6.8 (n = 11 cells, p < 0.05). 

Additionally, changing the pH from 7.2 to 7.6 induced a 94 ± 21.1% increase in this 

NMDAR synaptic current (n = 10 cells, p < 0.05; Fig. 14). This change in pH also 

produced a very similar effect on extrasynaptic NMDARs. When the extracellular pH 

was decreased to 6.5, there was a 76 ± 4.9% reduction of the extrasynaptic NMDAR 

EPSC amplitude (n = 3 cells, p < 0.05), as well as a reduction of 51 ± 12.2% at pH 6.8 (n 

= 4 cells, p < 0.05). An increase in the extracellular pH to 7.6 resulted in a significant 34 

± 7.4% increase in the extrasynaptic NMDAR EPSC amplitude as compared to control (n 

= 4 cells, p < 0.05; Fig. 15).  

The pH-dependent inhibitory effect was further validated in our in vitro system.  

Recording GluN2A-containing HEK293 cells at extracellular pH levels of 6.8 resulted in 

a 53 ± 7.6% decrease in the NMDAR current amplitude (n = 5 cells, p < 0.05), while at 

pH 7.6, there was a 45 ± 18.2% increase (n = 6 cells, p < 0.05; Fig. 16A,B). Similarly, 

when GluN2B-containing HEK293 cells were recorded at extracellular pH levels of 6.8 

there was a 52 ± 5.6% decrease in the NMDAR current amplitude (n = 5 cells, p < 0.05), 

and a 44 ± 7.2% increase at pH 7.6 (n = 4 cells, p < 0.05; Fig. 16C,D). Our results are in
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Figure 14. Protons modulate the activity of synaptic NMDARs in acute hippocampal 
slices. Synaptic NMDAR-mediated EPSC amplitudes were measured at pH 6.5 (n = 10 
cells) (A), pH 6.8 (n = 11 cells) (B), and pH 7.6 (n = 10 cells) (C) and compared to 
control (pH 7.2 represented by dotted lines). (D) Representative bar graph from data in 
(A) – (C) showing average synaptic NMDAR EPSC amplitudes 5 min before pH change 
(Ctrl), during the last 5 min of pH treatment (pH 6.5, 6.8, or 7.6), and during washout 
(Wash). The averages of the current amplitudes are normalized to the last 5 min of 
control in all cases. Data expressed as mean ± SEM. *, p < 0.05. 
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Figure 15. Protons modulate the activity of extrasynaptic NMDARs in acute 
hippocampal slices. Isolated extrasynaptic NMDAR-mediated EPSC amplitudes were 
measured at pH 6.5 (n = 3 cells) (A), pH 6.8 (n = 4 cells) (B) and pH 7.6 (n = 4 cells) (C) 
and compared to control (represented by a dotted line). (D) Representative bar graph 
from data in (A) – (C) showing the average extrasynaptic NMDAR EPSC amplitudes 5 
min before pH change (Ctrl), during the last 5 min of pH treatment (pH 6.5, 6.8, or 7.6), 
and during washout (Wash). The averages of the current amplitudes are normalized to the 
last 5 min of control in all cases. Data expressed as mean ± SEM. *, p < 0.05. 
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Figure 16. Protons modulate the activity of GluN2A- and GluN2B-containing 
NMDARs in HEK293 cells. (A) GluN1/GluN2A-transfected HEK293 cells were 
recorded before and during pH change and the average NMDAR current amplitudes for 
pH 6.8 (n = 5 cells) and pH 7.6 (n = 6 cells) were plotted and compared to control (pH 
7.2 represented by dotted line). (B) Representative bar graph from data in (A) showing 
average GluN2A-containing NMDAR current amplitudes before pH change (Ctrl), during 
the last 5 min of pH treatment (pH 6.8 or pH 7.6), and during washout (Wash). (C) 
GluN1/GluN2B-transfected HEK293 cells were recorded before and during pH change 
and the average NMDAR current amplitudes for pH 6.8 (n = 5 cells) and pH 7.6 (n = 4 
cells) were plotted and compared to control (pH 7.2 represented by dotted line). (D) 
Representative bar graphs from data in (C) showing average GluN2B-containing 
NMDAR amplitude before pH change (Ctrl), during the last 5 min of pH treatment (pH 
6.8 or pH 7.6), and during washout (Wash). The averages of the current amplitudes are 
normalized to the last 2 min of control in all cases. Data expressed as mean ± SEM. *, p < 
0.05. 
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agreement with previous studies (Tang et al., 1990; Traynelis and Cull-Candy, 1990; 

Vyklicky et al., 1990; Traynelis and Cull-Candy, 1991; Low et al., 2003; Dravid et al., 

2007) and clearly demonstrate that protons modulate NMDAR function. 

 

5.4. The effect of NAAG on NMDAR function is modulated by protons in acute 

hippocampal slices and HEK293 cells 

 The effect of NAAG on synaptic and extrasynaptic NMDAR activity under different pH 

conditions was investigated. NAAG was applied after establishing a stable baseline at pH 

6.5, 6.8, or 7.6. In order to better visualize the effect of NAAG at different pH, the initial 

pH-induced NMDAR current was treated as a control and normalized to 100%. 

Interestingly, NAAG decreased the synaptic NMDAR EPSC amplitude by 53 ± 5.5% at 

pH 6.5 (n = 7 cells, p < 0.05; Fig. 17A), and by 27 ± 5.7% at pH 6.8 (n = 6 cells, p < 

0.05; Fig. 17B). The effect of 2-PMPA on NMDAR EPSCs was also evaluated in low pH 

(6.8) and similarly a decrease of 37 ± 8.4% was observed (n = 5, p < 0.05; Fig. 18). To 

confirm that the effect of 2-PMPA was specific to GCP-II inhibition and mediated by an 

increase in NAAG, we tested the effect of 2-PMSA on NMDAR EPSCs in acidic pH. We 

found no significant change in the amplitude of the NMDAR EPSC (n = 3, p > 0.05; Fig. 

7C,D). In contrast to what was observed at low pH, NAAG induced a 44 ± 12.6% 

increase in the synaptic NMDAR EPSC amplitude at physiological pH of 7.2 as shown in 

Figure 6A,B, as well as an 18 ± 16.5% increase at pH 7.6 (n = 5 cells, p < 0.05; Fig. 

17C). These results are summarized in Figure 17D. To rule out any effect of mGluR3 on 

our results, we repeated the study in acidic pH (6.8) with either NAAG (n = 4) or 2- 
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Figure 17. NAAG decreases the activity of synaptic NMDARs during acidic 
conditions in acute hippocampal slices. The effects of NAAG on synaptic NMDAR-
mediated EPSCs at pH 6.5 (n = 7 cells) (A), pH 6.8 (n = 6 cells) (B), and pH 7.6 (n = 5 
cells) (C) were measured and plotted. The average NMDAR amplitudes following 
NAAG treatment and washout were normalized to their corresponding controls of pH 
change alone before NAAG application (control represented by dotted lines). (D) 
Representative bar graph of (A)–(C) showing normalized average of synaptic NMDAR 
EPSC amplitudes in different pH conditions 5 min before NAAG application (Ctrl), the 
last 5 min of NAAG treatment (NAAG), and during washout (Wash). Data expressed as 
mean ± SEM. *, p < 0.05. 
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Figure 18. 2-PMPA decreases the activity of synaptic NMDARs in acidic conditions 
in acute hippocampal slices. (A) The effect of 2-PMPA on synaptic NMDAR-mediated 
EPSCs at pH 6.8 (n = 5 cells) was measured and plotted. The average NMDAR 
amplitudes following 2-PMPA treatment and washout were normalized to their 
corresponding controls of pH change alone before 2-PMPA application (control 
represented by dotted lines). (B) Representative bar graph of (A) showing normalized 
average of synaptic NMDAR EPSC amplitudes in acidic pH conditions 5 min before 2-
PMPA application (Ctrl), the last 5 min of 2-PMPA treatment (2-PMPA), and during 
washout (Wash). Data expressed as mean ± SEM. *, p < 0.05. 
 

 

 

 

 

 

 

 



	
   61 

PMPA (n = 4) in the presence of the LY341495 compound (p < 0.05; Fig. 8B). No 

detectable difference was observed upon inhibition of mGluR3 with LY341495, 

confirming that mGluR3 are not contributing to the effect of NAAG or 2-PMPA on 

NMDAR EPSCs. 

 We further examined whether a change in pH could amplify the inhibitory effect 

of NAAG in the extrasynaptic population of NMDARs as shown in Figure 12A,B. 

Following application of NAAG at a lower pH of 6.5 or 6.8, there was a further 

significant reduction of extrasynaptic NMDAR EPSC amplitude as compared to 

physiological pH levels (p < 0.05). An extracellular pH level of 6.5 induced a 53 ± 7.3% 

decrease in the extrasynaptic NMDAR EPSC amplitude (n = 3 cells, p < 0.05; Fig. 19A), 

while an extracellular pH of 6.8 decreased it by 47 ± 9% (n = 6 cells, p < 0.05; Fig. 19B). 

On the other hand, when extracellular pH was increased to 7.6 there was a non-significant 

2 ± 16.8% change in the extrasynaptic NMDAR EPSC amplitude (n = 5 cells, p > 0.05; 

Fig. 19C). These results are summarized in Figure 19D and demonstrate that NAAG 

enhances the pH-dependent inhibitory effect on extrasynaptic NMDAR activity in 

hippocampal slices. 

 Recombinant experiments with the HEK293 cells were again utilized to verify 

that the potency of NAAG at NMDARs is pH-dependent. The effect of NAAG on the 

activity of GluN2A- or GluN2B-containing NMDARs was evaluated at different pH 

levels. When GluN2A-containing HEK293 cells were recorded at extracellular pH of 6.8 

in the presence of NAAG, there was a 25 ± 7.3% decrease in the NMDAR amplitude (n = 

6 cells, p < 0.05), while at pH 7.6, the presence of NAAG resulted in an increase of 28 ± 

11.6% (n = 6 cells, p < 0.05; Fig. 20A,B). Application of NAAG on GluN2B-containing 
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Figure 19. NAAG further inhibits extrasynaptic NMDARs during acidic conditions 
in acute hippocampal slices. The effects of NAAG on isolated extrasynaptic NMDAR-
mediated EPSCs at pH 6.5 (n = 3 cells) (A), pH 6.8 (n = 6 cells) (B), and pH 7.6 (n = 5 
cells) (C) were measured and plotted. The average NMDAR amplitudes following 
NAAG treatment and washout were normalized to their corresponding controls of pH 
change alone before NAAG application (control represented by dotted lines). (D) 
Representative bar graph of (A)–(C) showing normalized average of extrasynaptic 
NMDAR EPSC amplitudes in different pH conditions 5 min before NAAG application 
(Ctrl), the last 5 min of NAAG treatment (NAAG), and during washout (Wash). Data 
expressed as mean ± SEM. *, p < 0.05. 
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Figure 20. In acidic conditions NAAG decreases the activity of both GluN2A- and 
GluN2B-containing NMDARs in HEK293 cells. (A) GluN1/GluN2A-transfected 
HEK293 cells were recorded in different pH conditions in the presence of NAAG and 
average NMDAR current amplitudes were plotted (pH 6.8, n = 6 cells; pH 7.2, n = 7 
cells; and pH 7.6, n = 6 cells). The average NMDAR amplitudes following NAAG 
treatment and washout were normalized to their corresponding controls of pH change 
alone before NAAG application (control represented by dotted lines). (B) Representative 
bar graph of (A) showing the normalized average of GluN2A-containing NMDAR 
current amplitudes in different pH conditions 5 min before NAAG application (Ctrl), the 
last 5 min of NAAG treatment (NAAG), and during washout (Wash). (C) 
GluN1/GluN2B-transfected HEK293 cells were recorded in different pH conditions in 
the presence of NAAG and the normalized average NMDAR current amplitudes were 
plotted (pH 6.8, n = 5 cells; pH 7.2, n = 9 cells; and pH 7.6, n = 3 cells). (D) 
Representative bar graph of (C) showing the normalized average of GluN2B-containing 
NMDAR current amplitudes in different pH conditions 5 min before NAAG application 
(Ctrl), the last 5 min of NAAG treatment (NAAG), and during washout (Wash). Data 
expressed as mean ± SEM. *, p < 0.05. 
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HEK293 cells at extracellular pH of 6.8 caused a further reduction in the NMDAR 

amplitude as compared to physiological pH levels (p < 0.05; Fig. 20D), and resulted in a 

37 ± 2.3% decrease in the NMDAR current (n = 5 cells, p < 0.05) compared to baseline, 

while no change was observed at pH 7.6 (n = 3 cells, p > 0.05; Fig. 20C,D). Altogether, 

these results show that the effect of NAAG on NMDARs is pH-dependent on both 

synaptic and extrasynaptic NMDARs, and the data is further confirmed using our 

HEK293 cells recombinant system with GluN2A- and GluN2B-containing NMDARs. In 

acidic conditions, NAAG decreases the current amplitude of synaptic NMDARs 

(GluN2A-containing), and further inhibits the activity of extrasynaptic NMDARs 

(GluN2B-containing). 

 

5.5. In acidic pH NAAG upregulates the surface expression of GluN2A- but not 

GluN2B-containing NMDARs in the hippocampus 

The decrease in NMDAR EPSCs at low pH could potentially be attributed to a decrease 

in surface levels of the receptor. We therefore performed surface biotinylation 

experiments on mouse hippocampal slices to compare the levels of NMDAR subunits in 

different pH conditions in the presence or absence of NAAG. Analysis of surface 

expression of NMDAR subunits at pH 6.8, in the absence of NAAG, showed no 

significant alterations in the levels of GluN1, GluN2A, or GluN2B subunits (n = 4; p > 

0.05), as well as no significant changes when the pH was increased to 7.6 (n = 4; p > 

0.05; Fig. 21A,B). In addition, treatment with NAAG at physiological pH (7.2) did not 

cause a significant change in GluN1 (n = 4; p > 0.05), GluN2A (n = 4; p > 0.05), or 

GluN2B (n = 4; p > 0.05) surface expression compared to the untreated control (Fig. 
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Figure 21. In low pH NAAG increases the surface expression of GluN2A-containing 
NMDARs in the hippocampus. Representative bar graph (A) and western blots (B) of 
biotinylated (surface) fractions from hippocampal tissue subjected to different pH 
conditions (6.8 and 7.6) and compared to control (pH 7.2). Representative bar graph (C) 
and western blots (D) of biotinylated (surface) fractions from hippocampal tissue 
subjected to different pH conditions (6.8 and 7.6) in the presence of NAAG and 
compared to control (pH 7.2 with and without NAAG). NMDAR subunits were 
visualized by GluN1, GluN2A, and GluN2B specific antibodies, and Na+/K+-ATPase was 
used as a loading control. Bar graphs are expressed as mean ± SEM of n = 4 animals. *, p 
< 0.05. 
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21C,D). Interestingly, when the pH was lowered to 6.8 in the presence of NAAG, there 

was a significant increase in the surface expression of GluN1 (60 ± 11.4%; n = 4; p < 

0.05) and GluN2A (91 ± 24.6%; n = 4; p < 0.05) compared to physiological conditions 

with NAAG. These changes were unique to the GluN1 and GluN2A subunits since no 

significant differences in surface expression were detected for GluN2B (n = 4; p > 0.05; 

Fig. 21C,D). Moreover, there were no significant differences in the expression of any of 

the subunits when the pH was increased to 7.6 in the presence of NAAG (n = 4, p > 0.05) 

compared to physiological conditions with NAAG (Fig. 21C,D). These data serve to 

confirm that the inhibitory effect of NAAG on GluN2B-containing NMDARs does not 

result from changes in receptor levels, but is in fact due to actual alterations of the 

receptor activity. Furthermore, these results demonstrate that in conditions of low pH, 

NAAG increases the surface expression of GluN2A-containing NMDARs, and suggest a 

more complex role of NAAG in the regulation of NMDARs. 

 

5.6. The activity of synaptic NMDARs is increased following low pH and NAAG 

application in acute hippocampal slices 

To further validate our biotinylation results and to determine the functional significance 

of increased GluN2A surface expression, we performed electrophysiological experiments 

on mouse hippocampal slices using a similar sequence of events. Following isolation of 

the synaptic NMDAR EPSC, we acquired a 5 min baseline recording. We then lowered 

the pH to 6.8 in the presence of NAAG for 15 min. Subsequently, the pH was brought 

back to 7.2 without NAAG. The synaptic NMDAR EPSC was recorded and we measured 

a significant 210 ± 43.2% increase in the amplitude as compared to the 5 min baseline 
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recording (n = 5 cells, p < 0.05; Fig. 22A,B). Furthermore, we performed this protocol on 

extrasynaptic NMDARs and did not observe an increase in the EPSC following washout 

to pH 7.2 but rather a 74 ± 1.1% decrease (n = 3 cells, p < 0.05; Fig. 22C,D). To further 

analyze whether this increase in synaptic NMDAR EPSCs is truly an upregulation of the 

GluN2A subunit, we bath applied the GluN2B-selective inhibitor, ifenprodil, in place of 

NAAG, and detected no inhibitory effect but rather an 11 ± 3.1% increase in the synaptic 

NMDAR EPSC (n = 3 cells, p < 0.05; Fig. 22E,F). Altogether, these data suggest that 

NAAG causes an upregulation of GluN2A-containing NMDARs at low pH, and 

furthermore indicate that this upregulation is most likely occurring in the synaptic region. 

In addition, we provide evidence that the increased number of GluN2A-containing 

NMDARs are functional and contribute to an enhanced synaptic NMDAR activity 

following return to physiological pH conditions. 
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Figure 22. The activity of synaptic NMDARs is increased following low pH and 
NAAG application in acute hippocampal slices. Average amplitudes of evoked 
synaptic (A) and extrasynaptic (C) NMDAR EPSCs were plotted following a 15 min 
treatment of low pH (6.8) in the presence of NAAG. The pH was subsequently brought 
back to 7.2 (without NAAG) and compared to the 5 min baseline recording (control at pH 
7.2 represented by dotted line; n = 5 and 3 cells respectively). (B) Representative bar 
graph from data in (A) showing average synaptic NMDAR EPSC amplitudes 5 min 
before pH 6.8 and NAAG application (Ctrl (pH 7.2)), during the last 5 min of treatment 
(pH 6.8 + NAAG), and during washout back to pH 7.2 following pH 6.8 + NAAG (Wash 
(pH 7.2)). (D) Representative bar graph from data in (C) showing average extrasynaptic 
NMDAR EPSC amplitudes 5 min before pH 6.8 and NAAG application (Ctrl (pH 7.2)), 
during the last 5 min of treatment (pH 6.8 + NAAG), and during washout back to pH 7.2 
following pH 6.8 + NAAG (Wash (pH 7.2)). (E) Average synaptic NMDAR EPSC 
amplitudes plotted during a 15 min application of ifenprodil and compared to the last 5 
min of Wash (pH 7.2) depicted in (A) and (B) (control represented by dotted line; n = 3 
cells). (F) Representative bar graph showing average synaptic NMDAR EPSC amplitudes 
5 min before ifenprodil application (Ctrl), and during the last 5 min of ifenprodil 
treatment (Ifenprodil). The averages of the current amplitudes are normalized to the last 5 
min of control in all cases. Data expressed as mean ± SEM. *, p < 0.05.
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6. DISCUSSION 

The data presented in this thesis (summarized in Figure 23) demonstrate that the 

endogenous neuropeptide NAAG differentially modulates NMDAR activity depending 

on its subunit composition. In addition, we provide evidence that this subunit selective 

function of NAAG is regulated by extracellular pH. Using whole-cell 

electrophysiological recordings from CA1 pyramidal neurons in acute brain slices, we 

show that in physiological pH, NAAG inhibits extrasynaptic GluN2B-containing 

NMDAR EPSCs, while potentiating synaptic GluN2A-containing NMDAR EPSCs. 

However, in low pH, NAAG inhibits both synaptic GluN2A- and extrasynaptic GluN2B-

containing NMDAR EPSCs. We confirmed this subunit specificity and pH dependence of 

NAAG using the HEK293 cell recombinant system transfected with either GluN2A- or 

GluN2B-containing NMDARs. We also report, using cell surface biotinylation, that in 

acidic pH conditions NAAG increases the surface expression of GluN2A-containing 

NMDARs. Taken together, these results provide insight into the previously reported 

ambiguous effects of NAAG on NMDAR and its role in neuroprotection.  

 

6.1. The differential effects of NAAG on NMDARs: An explanation to the 

controversy 

The physiological role of NAAG in neurotransmission has been a topic of controversy for 

the last two decades. While it has been shown by several groups that NAAG is a potent 

agonist at mGluR3 (Wroblewska et al., 1993; Wroblewska et al., 1997; Wroblewska et 

al., 1998; Sanabria et al., 2004; Neale, 2011), there has been controversy concerning the 
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Figure 23. Schematic diagram summarizing the effect of NAAG on NMDARs in 
various conditions. (A) In physiological pH (7.2), NAAG increases the activity of 
synaptic GluN2A-containing NMDARs and inhibits extrasynaptic GluN2B-containing 
NMDARs. (B) In low pH (6.8), NAAG inhibits synaptic GluN2A-containing NMDARs, 
while further inhibiting extrasynaptic GluN2B-containing NMDARs. The presence of 
NAAG in low pH conditions also upregulates the surface expression of synaptic 
NMDARs. When the pH is brought back to 7.2 (washout) following a period of acidity, 
there is an increase in synaptic NMDAR EPSC as compared to control. In this setting, 
similar to a reperfusion scenario, NAAG would be capable of activating the upregulated 
synaptic GluN2A-containing NMDARs, while maintaining its inhibitory effect on 
extrasynaptic GluN2B-containing NMDARs. 
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role of NAAG on NMDARs. Some groups have reported that NAAG behaves as an 

antagonist (Sekiguchi et al., 1989; Puttfarcken et al., 1993; Grunze et al., 1996; Bergeron 

et al., 2005; Bergeron et al., 2007), while others have described an agonist-like effect on 

NMDARs (Westbrook et al., 1986; Sekiguchi et al., 1992; Valivullah et al., 1994; 

Kolodziejczyk et al., 2009). On the other hand, some have claimed no significant effect 

of NAAG on NMDARs (Lea et al., 2001; Losi et al., 2004; Fricker et al., 2009). The 

results of our investigation now provide insight and a possible explanation for these 

inconsistencies by demonstrating that NAAG can indeed have differential effects on 

NMDARs due to the intrinsic composition of the receptors, as well as the extracellular 

cues. We show that under physiological conditions, NAAG inhibits extrasynaptic 

GluN2B-containing NMDAR EPSCs, while potentiating synaptic GluN2A-containing 

NMDAR EPSCs. However, in low pH, NAAG inhibits both synaptic GluN2A- and 

extrasynaptic GluN2B-containing NMDAR EPSCs. Therefore, the previously described 

discrepancies related to the function of NAAG on NMDARs could be due to multiple 

factors, including NMDAR subunit composition, which changes depending on the 

developmental stage of the animal and subcellular localization of the receptor, as well as 

the cell type and brain region under investigation. The generation of conflicting results 

could also be attributed to the extracellular environment in which NAAG and NMDARs 

are studied, such as variations in extracellular pH. 

By uncoupling the effect of NAAG on synaptic and extrasynaptic NMDARs in 

adult mice, and specifically studying its effect on GluN2A- and GluN2B-containing 

NMDARs, in various pH conditions, we reveal a better understanding of the function of 

NAAG on NMDARs, particularly as a neuroprotective agent. Several studies have shown 
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that increasing NAAG, through exogenous application (Lu et al., 2000; Cai et al., 2002) 

or by blocking its degradation (Slusher et al., 1999; Tortella et al., 2000), is 

neuroprotective during brain ischemia. Although it is well established that NAAG has 

neuroprotective properties during NMDAR-mediated neurotoxicity, its effect on 

NMDAR activity remains unclear (Slusher et al., 1999; Lu et al., 2000; Tortella et al., 

2000; Cai et al., 2002). Our data showing the enhanced effect of NAAG inhibition on 

NMDARs under acidic conditions, such as that observed during stroke, may provide a 

mechanistic explanation for these convincing data. In addition, our results clarify why 

some studies have shown a specific neuroprotective effect of NAAG following ischemic 

(acidic) conditions, whereas others have shown no antagonistic effect of NAAG on 

NMDARs when studied under physiological pH conditions. Even though acidic pH 

conditions alone are not entirely representative of an ischemic event, we can nevertheless 

speculate on the possible mechanism underlying the neuroprotective qualities of NAAG 

based on its NMDAR subunit-selective and pH-dependent properties. 

 

6.2. NAAG is a subunit-selective modulator of NMDAR activity 

In order to gain a better understanding of the role of NAAG on NMDARs, we examined 

whether NAAG can differentially affect these receptors based on their localization and 

subunit composition. Using adult hippocampal slices, we uncovered that NAAG has 

differential modulatory functions on NMDARs depending on their synaptic versus 

extrasynaptic localization and consequently their subunit composition. Our data reveal 

that addition of exogenous NAAG or treatment with 2-PMPA, which increases 
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endogenous NAAG levels, results in a potentiation of synaptic NMDAR EPSCs, while 

inhibiting extrasynaptic NMDAR EPSCs (Fig. 6 and Fig. 12). 

 The ability to uncouple the effect of NAAG on synaptic and extrasynaptic 

NMDARs was based on an established pharmacological paradigm that allows for the 

isolation of extrasynaptic NMDARs (Fig. 9). Although these extrasynaptic NMDARs in 

the adult brain have been reported to be predominantly composed of GluN2B subunits, 

several approaches were used to confirm the prevalence of extrasynaptic GluN2B-

containing NMDARs in our system. Analysis of extrasynaptic NMDAR EPSCs indicated 

that these receptors are primarily GluN2B-containing due to their characteristically 

slower decay kinetics, as compared to the faster GluN2A-containing NMDARs residing 

at the synapse (Table 1). However, although the decay times for synaptic and 

extrasynaptic recordings suggest different subunit populations, the conclusion that 

extrasynaptic NMDAR populations are largely GluN2B-containing cannot be drawn 

solely based on decay kinetics. The DL-TBOA-induced spillover of glutamate onto 

extrasynaptic NMDARs can also slow down decay kinetics due to their diffusion distance 

from the synapse regardless of the extrasynaptic NMDAR subunit composition (Arnth-

Jensen et al., 2002; Diamond, 2002). For this reason, we utilized ifenprodil, a GluN2B-

selective NMDAR inhibitor, to pharmacologically confirm the subunit composition of the 

isolated extrasynaptic NMDARs in our system (Tovar and Westbrook, 1999). We 

showed that extrasynaptic NMDAR EPSCs were highly sensitive to inhibition by 

ifenprodil, while this inhibition was undetectable in isolated synaptic NMDAR EPSCs 

(Fig. 10). Together, these results confirm that NMDAR subunit composition is indeed 
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different depending on the subcellular localization, with GluN2A- and GluN2B-

containing receptors dominating synaptic and extrasynaptic sites, respectively. 

 The observed alteration in NMDAR activity as a specific effect of NAAG on 

NMDARs was also accounted for by controlling for several factors that may contribute to 

changes in EPSCs. The specificity of NAAG action on NMDARs in our experiments was 

taken into consideration by first confirming that the effect of NAAG or 2-PMPA on 

NMDARs was independent of the influence of mGluR3, which has previously been 

shown to respond to the presence of NAAG. Using a potent and selective group II 

antagonist, LY341495, we show that NAAG maintains its effect on NMDARs despite the 

inhibition of mGluR3 (Fig. 8A,B), confirming that in our conditions mGluR3 are not 

contributing to the effect of NAAG on NMDARs. In addition, using a paired pulse 

paradigm, we show that the effects of NAAG and 2-PMPA on NMDARs are not 

mediated by presynaptic neurotransmitter release (Fig. 8C), which would indirectly alter 

the activity of NMDARs.  

 It was also taken into consideration that in native tissue, synaptic and 

extrasynaptic NMDAR populations are not homogenously GluN2A- or GluN2B-

containing, but include both with one dominating (Suarez 2010; Tovar 2013). 

Additionally, triheteromeric NMDARs are present in adult hippocampal synapses (Gray 

et al., 2011; Rauner and Kohr, 2011; Tovar et al., 2013). Triheteromeric 

GluN1/GluN2A/GluN2B NMDARs have properties distinct from the GluN2A- and 

GluN2B-containing diheteromeric NMDARs, and differ in their pharmacological 

sensitivity to subunit-selective antagonists such as zinc and ifenprodil (the inhibitory 

effect is to a lesser extent) (Hatton and Paoletti, 2005; Neyton and Paoletti, 2006; Rauner 
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and Kohr, 2011). Triheteromeric NMDARs can also contain GluN3A subunits (Perez-

Otano et al., 2001), which co-express with GluN1 and GluN2 and can exert inhibitory 

effects on NMDAR by reducing NMDAR-mediated Ca2+ influx and whole-cell currents 

(Sasaki et al., 2002; Tong et al., 2008; Kehoe et al., 2013). All these are potential factors 

that could influence or alter the effect of NAAG on NMDARs that is seen in our 

experiments. For this reason, we used an in vitro HEK293 recombinant system whereby a 

specified composition of NMDARs was established and the contribution of the other 

aforementioned factors can be negligible. Importantly, this in vitro recombinant system 

further validated our novel findings that NAAG does in fact regulate NMDAR activity 

and has distinctive effects on NMDARs depending on the subunit composition (Fig. 13). 

Thus our study has demonstrated, for the first time, that NAAG can simultaneously 

exhibit dual functions, and can evoke differential responses on NMDAR activity 

depending on its subunit composition.       

 

6.3. The effect of NAAG on NMDARs is regulated in a pH-dependent manner 

During ischemic conditions, pH in the extracellular space can drop by 0.2 to more than 

1.0 pH units due to the accumulation of lactic acid (Doyle et al., 2008). It has been shown 

in numerous studies that protons modulate the activity of NMDAR (Tang et al., 1990; 

Traynelis and Cull-Candy, 1990; Vyklicky et al., 1990; Traynelis and Cull-Candy, 1991; 

Low et al., 2003; Dravid et al., 2007). Lower (acidic) pH induces an inhibitory effect on 

NMDARs, while more basic pH enhances NMDAR function, which we were able to 

reproduce in our study (Fig. 14–16). Moreover, some drugs have enhanced function in 

different pH conditions. For example, ifenprodil is neuroprotective in animal models of 
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stroke, not only by being selective for GluN2B-containing NMDARs, but also by 

increasing its sensitivity to inhibition by protons (Shalaby et al., 1992; Pahk and 

Williams, 1997; Whittemore et al., 1997; Mott et al., 1998). We have shown in our study 

that NAAG can exert a similar effect, in that it can also alter its function on GluN2A-

containing synaptic and GluN2B-containing extrasynaptic NMDARs depending on the 

extracellular pH environment. At low pH conditions (6.5 and 6.8), in acute hippocampal 

slices, NAAG switches its function from being a differential regulator of NMDAR 

activity to a solely inhibitory role on both synaptic and extrasynaptic NMDARs (Fig. 17 

and Fig. 19). Although NAAG already exhibited an inhibitory effect on extrasynaptic 

NMDARs at physiological pH, this effect was amplified in low pH conditions (Fig. 19). 

Additionally, in the HEK293 recombinant system we demonstrated that NAAG can alter 

the function of GluN2A- and GluN2B-containing NMDARs in parallel to the effect of 

NAAG on synaptic and extrasynaptic NMDARs in hippocampal slices, respectively (Fig. 

20). These results indicate a novel pH-dependent interaction between NAAG and 

NMDARs. Furthermore, our data suggest that NAAG may regulate the NMDAR proton 

sensor, which is closely associated to the gating mechanism.  

 

6.4. The rapid and long-lasting effect of NAAG on NMDARs 

In our data, an effect on NMDAR EPSCs was induced after only 5 minutes following 

application of 2-PMPA. This rapid effect of 2-PMPA was confirmed to be due to an 

increase in endogenous NAAG, since addition of an inactive analogue of 2-PMPA, 2-

PMSA, did not cause any detectable changes in NMDAR activity (Fig. 7). The ability of 

2-PMPA to act rapidly in our experiments warrants some discussion particularly since 
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previous studies have shown that the increase in NAAG due to GCP-II inhibition is only 

observed hours following i.p. administration of 2-PMPA (Slusher et al., 1999; Nagel et 

al., 2006). 2-PMPA is highly hydrophilic, suggesting a potentially unfavourable blood-

brain barrier penetration. Therefore, injection of 2-PMPA into the blood cavity would 

most likely take longer to reach the brain and inhibit GCP-II, as compared to acute 

application of 2-PMPA onto brain slices (as in our experimental conditions). Consistent 

with this idea, a recently published study (Rais et al., 2015) has reported a non-invasive 

route for delivery of GCP-II inhibitors to the brain via i.n. administration in rodents and 

non-human primates. Of the three structurally distinct GCP-II inhibitors that were 

evaluated, i.n. administration of 2-PMPA exhibited the highest level of brain penetration 

compared to i.p. administration (Rais et al., 2015). Therefore, the pharmacokinetic 

properties of 2-PMPA are likely affected by the method of administration, as well as the 

dose used. Therefore, the bioavailability of a one-time 2-PMPA injection in vivo would 

be significantly different compared to our in vitro model where we have a constant flow 

of 10 µM 2-PMPA perfusing onto the hippocampal slice.  

In our experiments, the effect of NAAG on NMDARs also appears to be long-

lasting. A sustained NAAG-dependent modulation of NMDAR activity persisted for as 

long as 40 minutes following washout. A number of studies have similarly demonstrated 

difficulty in washing out NAAG (Sanabria et al., 2004; Bergeron et al., 2007; Walder et 

al., 2013). For example, one study described that NAAG does not washout at 

neuromuscular junctions for at least 1 hour following its application. These results 

suggest that NAAG has a presynaptic effect, and decreases the quantal content of evoked 

acetylcholine release at the neuromuscular junction (Walder et al., 2013). However, in 
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our results, the lack of washout is likely not the result of altered presynaptic release, as 

there is no detectable change in paired pulse ratio following NAAG treatment, and no 

effect on mGluR3 as shown in our results using LY341495 (Fig. 8A,B). Although the 

reason for the prolonged effect of NAAG in our study remains unclear, it is possible that 

NAAG binds directly to NMDARs and has a slow dissociation rate, or perhaps NAAG 

induces a long lasting conformational change in the receptor. 

 

6.5. Possible mechanism of action of NAAG on NMDARs 

NMDARs contain many sites capable of binding ligands, which act as agonists, co-

agonists, competitive antagonists, channel blockers or allosteric modulators (Traynelis et 

al., 2010; Paoletti et al., 2013). The exact mechanism of action of NAAG on NMDARs 

remains unclear, however, given its subunit-specific modulation of NMDARs, as well as 

its pH-dependent effect, we speculate that NAAG may be an allosteric modulator (Mony 

et al., 2009a; Zhu and Paoletti, 2015). Allosteric modulators bind to a site distinct from 

that of the orthosteric agonist binding site, and indirectly influences NMDAR functions, 

usually by inducing a conformational change within the protein structure (Zhu and 

Paoletti, 2015). Recently, allosteric modulators have gained recognition as promising 

compounds for drug development and therapeutic interventions. This is mainly due to the 

several advantages that encompass the targeting of allosteric sites, as opposed to that of 

orthosteric or ion channel sites. One of these advantages is the subunit selectivity of 

allosteric modulators, which stems from their ability to interact with a target receptor at 

sites other than the agonist binding sites or channel pore (Kenakin, 2004). This subunit-

selective nature of allosteric modulators likely contributes to the reduced side effects 
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observed with these compounds, and offers an important therapeutic advantage (Kalia et 

al., 2008; Mony et al., 2009a).  

The NTDs of NMDARs, which play a key role in mediating functional diversity, 

are a major site for the allosteric modulation of NMDAR activity and can undergo large-

scale conformational changes that impact downstream gating mechanisms. In addition, 

these regions play a key role in the pharmacological diversity of NMDARs and are a 

major locus for the binding of subunit-specific allosteric modulators (Gielen et al., 2009; 

Yuan et al., 2009). In particular, the NTD of the GluN2B subunit exhibits at least three 

distinct sites that confer interactions with negative and positive allosteric modulators 

(Mony et al., 2009a). In general, ligands that stabilize the NTDs in an open-cleft 

configuration act as positive allosteric modulators, while those that promote closure of 

the NTD cleft are considered allosteric inhibitors (Costa et al., 2010; Wyllie et al., 2013). 

Thus, through the NTDs, GluN2B-containing NMDARs have the ability to interact with a 

number of allosteric modulators such as ifenprodil (and related compounds), protons, 

zinc, and polyamines (Tang et al., 1990; Traynelis and Cull-Candy, 1990; Vyklicky et al., 

1990; Williams, 1993; Paoletti et al., 1995; Traynelis et al., 1995; Gallagher et al., 1996; 

Kew et al., 1996; Perin-Dureau et al., 2002; Rachline et al., 2005; Karakas et al., 2009; 

Mony et al., 2009b; Karakas et al., 2011; Mony et al., 2011; Burger et al., 2012; 

Furukawa, 2012; Lee et al., 2014).  

Interestingly, it has been shown that alterations in proton sensitivity is a common 

downstream mechanism of several NMDAR allosteric modulators (Traynelis et al., 1995; 

Mott et al., 1998; Choi and Lipton, 1999; Low et al., 2000). For example, ifenprodil and 

zinc, subunit-selective allosteric inhibitors of GluN2B- and GluN2A-containing 
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NMDARs respectively (Williams, 1993; Traynelis et al., 1995; Kew et al., 1996; Mott et 

al., 1998; Choi and Lipton, 1999; Yamakura and Shimoji, 1999; Low et al., 2000), 

modify proton sensitivity and alter NMDAR function by shifting the pKa of the proton 

sensor (Mott et al., 1998). Although several residues within the GluN1 and GluN2 

subunits can regulate proton-dependent inhibition (Traynelis et al., 1998; Masuko et al., 

1999; Low et al., 2000; Low et al., 2003), the precise location of the proton sensor 

remains unknown. Mutagenesis studies have demonstrated that residues which influence 

proton sensitivity most strongly cluster in two neighbouring regions (Low et al., 2003) 

closely associated with the activation gate of NMDARs (Chang and Kuo, 2008). This 

suggests that the proton sensor is likely tightly coupled to the gating mechanism of 

NMDARs (Tang et al., 1990; Low et al., 2003; Banke et al., 2005; Chang and Kuo, 

2008). Furthermore, protons appear to prolong a shut-time component of GluN1/GluN2B 

receptors with little effect on channel open time (Banke et al., 2005), suggesting that 

protons mediate an inhibitory effect by stabilizing a closed state.  

Our study indicates that the interaction between NAAG and NMDARs is subunit 

specific and likely linked to the proton sensor, therefore pointing to an allosteric 

mechanism. An allosteric mechanism would allow for subunit-specific modulation of 

NMDARs, as well as a pH-dependent effect on its function. There are a number of 

possible mechanisms by which NAAG can affect NMDARs in situations of altered pH. 

NAAG could potentially act by enhancing the NMDAR sensitivity to proton inhibition by 

inducing a conformational change within the receptor. However, we cannot exclude the 

possibility that protons may directly affect the binding site of NAAG on NMDARs, 

thereby modifying the coupling between binding of NAAG and inhibition of NMDAR 
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channel gating. These speculations of the possible interaction between NAAG and 

NMDARs are supported by our inability to washout the effect of NAAG in our 

experiments, possibly due to the long lasting effect of an NMDAR conformational 

change, or attributed to a slow dissociation rate. Identifying how pH and NMDAR 

subunit composition affects the regulation of NMDARs by NAAG is vital, not only from 

a physiological standpoint, but also from a pharmacological perspective. 

 

6.6. Regulation of GluN2A surface expression by NAAG 

The regulation of GluN2A- and GluN2B-containing NMDARs expression are regulated 

independently (Shipton and Paulsen, 2014). Interestingly, it has been shown that blocking 

NMDAR activity increases NMDAR levels on the cell surface, thereby altering the 

GluN2A/GluN2B ratio (Carmignoto and Vicini, 1992; Rao and Craig, 1997; Liao et al., 

1999; Quinlan et al., 1999; Crump et al., 2001; Aoki et al., 2003; Fujisawa and Aoki, 

2003; Chen and Bear, 2007). In one particular study, following NMDAR blockade, there 

was an upregulation of GluN2A-containing NMDARs, whereas GluN2B-containing 

NMDARs were not affected (von Engelhardt et al., 2009). This upregulation of GluN2A 

subunits is only seen when pan-NMDAR antagonists are used, such as APV, and is not 

observed when GluN2A- or GluN2B-containing receptors are blocked individually. 

Moreover, it was shown, using electrophysiological recordings of CA1 neurons in acute 

hippocampal slices, that these newly inserted GluN2A-containing NMDARs contribute to 

increased synaptic NMDAR EPSCs (von Engelhardt et al., 2009). Thus, NMDAR 

blockade results in the selective upregulation of synaptic GluN2A-containing NMDARs. 

In agreement with these studies, we show that the inhibitory effect of NAAG on 
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NMDARs in low pH (6.8) conditions results in an increase in surface expression of 

GluN2A- but not GluN2B-containing NMDARs (Fig. 21). Additionally, following 

upregulation of GluN2A and neutralization of the pH (7.2), we observe a significant 

increase in synaptic NMDAR EPSCs (Fig. 22), which is indicative of an increase in the 

number of synaptic receptors. Therefore, blocking NMDAR activity with NAAG in 

acidic conditions regulates the expression of GluN2A-containing NMDARs in the cell 

membrane. This represents an additional novel function of NAAG, whereby it not only 

modulates the activity of NMDARs, but can also influence receptor levels. 

Different scenarios can account for the ability of NAAG to increase GluN2A-

containing NMDAR surface expression, including, but not limited to, increased insertion, 

or decreased internalization of the receptors. It is possible that NAAG influences one of 

the different pathways involved with receptor insertion. The insertion of NMDARs at the 

cell surface is tightly regulated in response to synaptic activity. Regulation of NMDAR 

trafficking is mediated by activation of protein kinase A (PKA) and protein kinase C 

(PKC) downstream signaling (Scott et al., 2001; Scott et al., 2003). In addition, and 

relevant to our studies, it has been shown that activation of PKC results in rapid insertion 

of new receptors to the surface of hippocampal neurons (Lan et al., 2001b). This rapid 

channel insertion (within minutes) has been shown to occur through SNARE-dependent 

exocytosis (Lan et al., 2001b). This PKC-dependent insertion of NMDARs at the cell 

surface does not occur through direct subunit phosphorylation but involves a receptor 

anchoring and/or trafficking protein (Zheng et al., 1999). Also, the association of 

NMDARs with PSD-95 can enhance surface expression of these channels (Lin et al., 

2006).  
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Internalization of NMDARs is also a process tightly regulated in a subunit-

specific manner. The distal C-terminal region of GluN2A and GluN2B subunits contain 

distinct internalization motifs that regulate endocytosis at different rates (Lavezzari et al., 

2004); for example, GluN2A receptor internalization appears to be quite slow (Lavezzari 

et al., 2004) when compared to GluN2B receptor internalization (Roche et al., 2001). 

Stabilization of GluN2A receptors at the cell surface is regulated by tyrosine 

phosphorylation (Vissel et al., 2001), whereby tyrosine dephosphorylation triggers 

NMDAR internalization. Receptor internalization is generally associated with an increase 

in activity of NMDARs. For example, repeated application of the NMDAR agonist 

glutamate promotes dephosphorylation of Tyr842 in the C-terminal tail of the GluN2A 

subunit and promotes receptor internalization (Vissel et al., 2001). Similarly, repetitive 

application of the co-agonist glycine primes NMDARs for internalization (Nong et al., 

2003). Thus, overactivation of NMDARs by glutamate and glycine induces and primes 

the receptors for internalization, while blocking neuronal activity has been shown to 

upregulate synaptic NMDAR expression.  Based on this information we can speculate 

that in our biotinylation experiments the increase in surface expression of GluN2A-

containing NMDAR levels in the synapse is likely regulated by insertion of GluN2A-

containing receptors into the membrane (Dunah and Standaert, 2001; Lan et al., 2001b; 

Lan et al., 2001a; Skeberdis et al., 2001), and not due to a decrease in the rate of 

internalization. Considering the short time frame that was set for our biotinylation and 

electrophysiological experimental conditions, it is not probable that the increased surface 

expression of NMDARs was a result of decreased internalization. The internalization rate 

for GluN2A-containing NMDARs is slow, while the insertion of NMDARs in the surface 
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seems to occur at a faster rate. The conditions we set to induce upregulation of GluN2A-

containing NMDARs (exposure to low pH + NAAG) occurred over a period of 20 

minutes. This is most likely not a sufficient amount of time for the detection of a change 

in receptor expression as a result of decreased internalization rate of GluN2A-containing 

NMDARs, given the slow rate of GluN2A internalization. However, with that being said, 

we cannot completely rule out the possibility of decreased receptor internalization (Vissel 

et al., 2001; Nong et al., 2003; Lau and Zukin, 2007). 

Synaptic NMDAR levels are not only regulated by membrane insertion or 

internalization of NMDARs but also by lateral movement in the plasma membrane 

between synaptic and extrasynaptic sites in an activity- and phosphorylation-dependent 

manner (Tovar and Westbrook, 2002; Zhao et al., 2008). Lateral movement is very 

different for GluN2A and GluN2B subunits. Studies have shown that GluN2B-type 

receptors are highly mobile, whereas GluN2A-type receptors are fairly stable in the 

synapse (Wenthold et al., 2003; Groc et al., 2006). Furthermore, GluN2A-containing 

NMDARs diffuse laterally more slowly within the synapse than GluN2B-containing 

NMDARs (Groc et al., 2006). Our biotinylation experiments did not differentiate 

between extrasynaptic and synaptic NMDARs, but measured the total levels of NMDARs 

in the membrane. Therefore, lateral movement of NMDARs into the synapse, which 

would not change the total number of surface receptors, cannot account for the changes 

observed in these experiments. However, we cannot completely exclude that lateral 

diffusion contributed in some way to the observed electrophysiological changes.  

In summary, our study showed, using surface biotinylation, an increase in 

GluN2A receptors in the cell membrane following NMDAR blockade in the presence of 
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NAAG in low pH conditions. The physiological relevance of these GluN2A-containing 

NMDARs and their integration into the synapse was addressed using electrophysiological 

measurements, which clearly showed a significant increase in the NMDAR EPSC 

amplitude. The increase in the expression of GluN2A subunits during NMDAR blockade 

indicates that the higher level of GluN2A-containing receptors in the membrane is likely 

due to increased insertion, with decreased internalization possibly contributing a minor 

role. This regulation of the synaptic levels and localization of NMDARs may define a 

novel mechanism by which NAAG can promote neuronal survival in certain conditions, 

such as an ischemic event. 

 

6.7. Therapeutic advantages of the subunit-selectivity of NAAG and its ability to 

upregulate GluN2A-containing NMDARs in acidic conditions 

During a brain ischemic episode, extracellular glutamate accumulates due to synaptic 

release and impairment or reversal of uptake mechanisms (Rossi et al., 2000; Camacho 

and Massieu, 2006). The consequent overactivation of NMDARs leads to neuronal 

damage and death (Choi, 1988). In the core region affected by stroke, cell death occurs 

rapidly via necrosis. Surrounding the lethally damaged ischemic core is the ischemic 

penumbral region, consisting of reversibly damaged tissue. Although it is believed that 

this tissue is salvageable, there is a limited time frame for positive outcomes. This is 

particularly due to the ongoing excitotoxicity following reperfusion, leading to post-

ischemic inflammation and apoptosis. This window of opportunity to reverse the damage 

makes the penumbral area an important target for therapeutic interventions aiming to 

prevent further cell death and promote neuronal recovery following reperfusion (Dirnagl 
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et al., 1999; Doyle et al., 2008). NMDAR antagonists (competitive antagonists and 

channel blockers) have been shown to be very effective neuroprotective drugs that 

decrease damage in experimental animals (Lee et al., 1999). Although these agents 

proved to be therapeutically effective when tested both in vitro and in animal models of 

stroke, all clinical trials have failed when testing the same agents (Javitt and Zukin, 1991; 

ANS, 1992; RANTTAS, 1996; Albers et al., 2001; Sacco et al., 2001; Ikonomidou and 

Turski, 2002). There are a number of reasons why these drugs have failed, one of which 

includes the lack of NMDAR subunit selectivity, leading to high drug toxicity and 

intolerable side effects in human beings when given the same doses that were 

neuroprotective in rodents (Adams et al., 1995; Del Zoppo, 1995; Grotta, 1995; del 

Zoppo, 1998; Lee et al., 1999; Birmingham, 2002). The side effects such as 

psychotomimetic effects, memory impairment and neurotoxicity, which are usually 

exerted by NMDAR channel blockers and competitive antagonists, are not seen when 

drugs targeting specific subunits, such as ifenprodil, are used as neuroprotective agents. 

These reduced side effects may be ascribed to the GluN2B subunit specificity mediated 

by ifenprodil and related compounds (Gotti et al., 1988; McDonald and Johnston, 1990; 

Graham et al., 1992; Shalaby et al., 1992; Tamura et al., 1993; Baskaya et al., 1997; Geng 

et al., 1997; Yamakura and Shimoji, 1999; Picconi et al., 2006; Liu et al., 2007). 

Interestingly, both NAAG and 2-PMPA show robust neuroprotection without side effects 

when tested in stroke models, similar to other GluN2B-specific therapies (Slusher et al., 

1999; Lu et al., 2000; Tortella et al., 2000; Cai et al., 2002). This is likely due to the 

subunit selectivity of NAAG that we have discovered in our study. Therefore, the 

reported differential effects of NAAG on GluN2A- and GluN2B-containing NMDARs 
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can be therapeutically advantageous, since NMDAR subunit composition and localization 

have been shown to have distinct downstream pathways. 

 

6.8. A potential mechanism for NAAG-mediated neuroprotection 

As previously mentioned, the NMDAR subunit composition has different effects on 

synaptic function depending on their regional and developmental expression, their 

subcellular location (synaptic or extrasynaptic) and their coupling to downstream 

signaling cascades. Specifically in the hippocampus, NMDAR subunit composition 

differs throughout development, from being predominantly GluN2B-containing to 

GluN2A-containing at maturation. In our experimental conditions we utilized acute 

hippocampal slices from adult mice. In this setting, it is generally recognized that, 

GluN2A-containing NMDARs are dominant at the synapse, while GluN2B-containing 

NMDARs are located extrasynaptically (Cull-Candy et al., 2001; van Zundert et al., 

2004; Mony et al., 2009a; Sanz-Clemente et al., 2013). Indeed, this different localization 

of NMDARs was also observed in our experimental paradigms. The cytoplasmic CTDs 

of GluN2 subunits are involved in the targeting of these receptors to different locations 

and differentially associate with signaling molecules (Sprengel et al., 1998; Steigerwald 

et al., 2000; Ryan et al., 2008), thereby influencing the effect of Ca2+ influx through 

NMDARs (Martel et al., 2012). Thus, synaptic GluN2A-containing and extrasynaptic 

GluN2B-containing NMDARs mediate distinct physiological and pathological processes 

(Vanhoutte and Bading, 2003; Hardingham and Bading, 2010; Parsons and Raymond, 

2014). Synaptic GluN2A-containing NMDARs are generally associated with neuronal 

survival, whereas activation of extrasynaptic GluN2B-containing NMDARs is coupled to 



	
   89 

cell death pathways (Hardingham et al., 2002; Ivanov et al., 2006; Liu et al., 2007; Cross 

et al., 2010; Hardingham and Bading, 2010; Kaufman et al., 2012). Based on this 

premise, it can be hypothesized that the lack of efficacy of NMDAR channel blockers 

and competitive antagonists in clinical trials is likely attributed to the blockade of 

synaptic GluN2A-containing NMDARs, which has been shown to hinder neuronal 

survival by triggering apoptosis (Ikonomidou et al., 1999; Pohl et al., 1999). This concept 

is corroborated by findings that compounds which specifically block extrasynaptic 

GluN2B-containing NMDARs are found to be neuroprotective without debilitating side 

effects (Gotti et al., 1988; Shalaby et al., 1992). 

Synaptic transmission mediated by NMDARs is essential for neuronal survival. 

Synaptic activation of NMDARs is neuroprotective and prevents spontaneous apoptosis 

in the hippocampus (Young et al., 1999). In contrast, therapeutic administration of 

NMDAR antagonists following traumatic brain injury or during neurodegenerative 

disorders worsens damage in the brain (Ikonomidou et al., 2000). This synaptic 

NMDAR-dependent neuroprotection is accompanied by activation of pro-survival 

transcription factors, such as CREB. It has been shown that Ca2+ influx through synaptic 

NMDARs activates ERK1/2, which prolongs CREB activation and enhances CREB-

mediated induction of gene expression (Hardingham et al., 2002; Hardingham and 

Bading, 2010; Parsons and Raymond, 2014). CREB controls transcription of prosurvival 

genes such as BDNF and bcl-2 (Fink et al., 1991; Tao et al., 1998; Riccio et al., 1999; 

Wang et al., 1999). Thus, the survival-promoting properties of NMDAR-mediated 

synaptic activation could derive from the transcription of such pro-survival genes. 

Interestingly, it has been observed that surviving neurons within the ischemic penumbra 
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express high levels of BDNF, bcl-2 and activated CREB, suggesting maintained pro-

survival signals (Chen et al., 1995; Tanaka et al., 1999; Tanaka et al., 2000; Walton and 

Dragunow, 2000). Synaptic NMDAR activation has also been implicated in the 

suppression of apoptosis (Lau and Bading, 2009; Leveille et al., 2010), decreased 

expression and/or activity of pro-death transcription factors (Papadia et al., 2008; Lau and 

Bading, 2009; Dick and Bading, 2010; Leveille et al., 2010), and enhanced antioxidant 

defence mechanisms (Papadia et al., 2008; Hardingham and Bading, 2010). Therefore, 

using non-selective NMDAR antagonists will block the pro-survival pathways induced 

by synaptic NMDARs and may facilitate neuronal death.  

In contrast, extrasynaptic GluN2B-containing NMDARs are associated with the 

negative effects attributed to NMDAR overactivation. Ca2+ entry through extrasynaptic 

GluN2B-containing NMDARs inhibits the ERK1/2 pathway and shuts off CREB by 

rapid dephosphorylation (Sala et al., 2000; Hardingham et al., 2002). This in turn inhibits 

BDNF gene expression and initiates the cell death pathway (Hardingham et al., 2002; 

Kaufman et al., 2012). Extrasynaptic activation of NMDARs has been observed in 

several conditions that mimic aspects of an ischemic episode in cell culture, including 

oxygen-glucose deprivation (Hardingham et al., 2002) and increased glutamate levels by 

pharmacological reversal of glutamate transport (Gouix et al., 2009), resulting in 

decreased CREB phosphorylation and cell death. A recent study has demonstrated that 

extrasynaptic NMDAR activity, during ischemia, may be selectively enhanced by 

increased phosphorylation of GluN2B by the death-associated protein kinase 1 (DAPK1) 

(Tu et al., 2010). This effect is specific to GluN2B-containing NMDARs leading to 

selective enhancement of extrasynaptic currents. Moreover, preventing the interaction 
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between DAPK1 and NMDARs protected neurons against in vitro oxygen-glucose 

deprivation and in vivo ischemic injury (Tu et al., 2010). Generally, a significant 

reduction in infarct volume after ischemia is observed following specific blockade of 

GluN2B-containing NMDARs, deletion of DAPK1, or disruption of the DAPK1-GluN2B 

interaction (Gotti et al., 1988; Tu et al., 2010; Dong et al., 2013). More importantly, in 

another study, the peptide NR2B9c, which disrupts the interaction between GluN2B and 

PSD-95, was shown to reduce infarct volume when administered after an ischemic event 

in humans (Hill et al., 2012), as well as in rodents and nonhuman primates subjected to 

MCAO (Aarts et al., 2002; Sun et al., 2008; Bratane et al., 2011; Cook et al., 2012). 

Additionally, many intracellular signaling mechanisms implicated in ischemic cell death 

can be triggered by GluN2B and/or extrasynaptic NMDAR activation (Ning et al., 2004; 

Koumura et al., 2008; Taghibiglou et al., 2009; Dick and Bading, 2010; Hardingham and 

Bading, 2010; Lai et al., 2011; Zhang et al., 2013). Furthermore, not only do 

extrasynaptic NMDARs promote pro-death pathways, they also inhibit the pro-survival 

signaling of synaptic NMDARs (Hardingham and Bading, 2010). Taken together, these 

studies indicate that extrasynaptic NMDAR activity contributes to ischemic neuronal 

loss.  

Based on this evidence, it can be concluded that a shift in balance resulting from a 

reduction of synaptic or enhancement of extrasynaptic NMDAR activity and signaling 

can be harmful to neurons. Evidence that synaptic NMDAR activity can exert a 

neuroprotective effect has led to suggestions that it may in fact promote recovery in the 

post-reperfusion phase, and prevent delayed neuronal loss in the penumbra (Albers et al., 

2001; Ikonomidou and Turski, 2002). With that in mind, one can appreciate that although 
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treatment with NMDAR antagonists and channel blockers may reduce excitotoxic 

neuronal death following the initial insult, the continued block of synaptic NMDARs 

would in fact exacerbate secondary apoptosis which occurs following reperfusion, 

resulting in increased overall death (Pohl et al., 1999). Therefore, NMDAR antagonists 

may be protective in early stages of the insult progression, however, may contribute to 

neuronal injury in the long-term. For this reason, an ideal neuroprotective strategy should 

aim to disrupt extrasynaptic NMDAR-dependent death signaling, while simultaneously 

enhancing the activity or number of synaptic NMDARs in order to promote protection 

during the ischemic event and the reperfusion phase (Lipton, 2007). According to our 

data, NAAG appears to have the pharmacological properties suited for such an effective 

pathological therapy. The ability of NAAG to change its function depending on the 

extracellular environment may promote neuroprotection on multiple levels; 1) decreasing 

extrasynaptic GluN2B-containing NMDAR activity, 2) increasing synaptic GluN2A-

containing NMDAR activity, and 3) upregulating synaptic GluN2A surface expression in 

acidic conditions, which would be most clinically relevant during the reperfusion and 

recovery phase following an ischemic event. These newly discovered properties of 

NAAG, identified in our studies, provide a novel approach in mediating neuroprotection. 

Our overall findings provide insight into the dual role of NAAG on NMDARs 

following an ischemic event, in which it can inhibit extrasynaptic GluN2B-containing 

NMDAR-dependent death signaling, while up-regulating GluN2A receptors and 

enhancing their activity. Our results show that in physiological conditions (pH 7.2), 

NAAG only blocks GluN2B-containing NMDARs and activate GluN2A-containing 

NMDARs. However, in acidic conditions (pH 6.5 and 6.8) NAAG blocks both GluN2A- 
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and GluN2B-containing NMDARs. Consequently, this blockade by NAAG in low pH 

conditions allows for the upregulation of GluN2A-containing NMDARs. Although this 

population of increased GluN2A-containing NMDARs remains inactive at low pH, as 

shown in our results, we propose that they may contribute, at least in part, to the 

neuroprotective effect of NAAG following reperfusion. During a brain ischemic event, 

ATP levels and intracellular pH decrease as a result of anaerobic metabolism and lactate 

accumulation. Reperfusion restores the delivery of oxygen and substrates required for 

aerobic ATP generation and normalize extracellular pH by washing out accumulated H+ 

(Fellman and Raivio, 1997; White et al., 2000; Kalogeris et al., 2012). In a scenario 

involving NAAG, reperfusion of the ischemic region and return to a physiological 

extracellular environment (pH 7.2) would allow NAAG to release its inhibitory effect on 

the now upregulated synaptic GluN2A-containing NMDARs, while continuing to inhibit 

the extrasynaptic GluN2B-containing NMDARs. As previously discussed, synaptic 

GluN2A-containing NMDARs mediate pro-survival signaling (Hardingham et al., 2002; 

Parsons and Raymond, 2014), and may therefore promote neuronal recovery in the post-

reperfusion phase and prevent neuronal loss in the penumbra. Thus, the increased 

numbers of NMDARs at the synapse, along with the ability of NAAG to activate 

GluN2A-containing NMDARs in physiological conditions, are both ways by which pro-

survival synaptic signaling could be enhanced in order to promote recovery following 

excitotoxic conditions. Simultaneously, NAAG would be preferentially blocking the 

extrasynaptic pro-death GluN2B-containing NMDARs following reperfusion. Normally, 

the activation of this pathway inhibits the pro-survival signaling of synaptic NMDARs; 

therefore, this is another possible mechanism by which NAAG is neuroprotective. The 
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ability of NAAG to upregulate and activate synaptic GluN2A-containing NMDARs to 

mediate pro-survival signals, while maintaining its inhibitory effect on the extrasynaptic 

pro-death GluN2B-containing NMDARs, suggests a clinically relevant therapeutic 

advantage of NAAG in the treatment of ischemic events.  
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7. CONCLUDING REMARKS AND SIGNIFICANCE 

To address the challenges of stroke prevention or treatment, it would be beneficial to 

identify a prophylactic drug for those at risk, since early drug administration has been 

shown to be neuroprotective in animal models of ischemia. Demonstrating that the 

potency of some compounds, such as NAAG, is increased at lower pH provides an 

interesting pharmacological avenue. The new information provided here can be used for 

future studies aimed at the synthesis of GCP-II inhibitors that are inactive at 

physiological pH but become therapeutically effective in the acidic environment that 

arises in pathological conditions. The results of this study reveal a modulatory effect of 

NAAG on NMDARs depending on protons as well as NMDAR subunit composition and 

localization, and highlight a novel aspect of the function of NAAG. Given that rodents 

and humans share similar NMDAR expression patterns, as well as pH regulation (Law et 

al., 2003; Casey et al., 2010; Orlowski et al., 2011), it is plausible that NAAG can induce 

comparable effects in both. Altogether, these findings suggest NAAG as a valuable 

therapeutic agent in the treatment of ischemic events. 
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Ischemic strokes cause excessive release of glutamate, leading to overactivation of N-methyl-D-aspartate recep-
tors (NMDARs) and excitotoxicity-induced neuronal death. For this reason, inhibition of NMDARs has been a
central focus in identifying mechanisms to avert this extensive neuronal damage. N-acetyl-aspartyl-glutamate
(NAAG), themost abundant neuropeptide in the brain, is neuroprotective in ischemic conditions in vivo. Despite
this evidence, the exact mechanism underlying its neuroprotection, and more specifically its effect on NMDARs,
is currently unknown due to conflicting results in the literature. Here, we uncover a pH-dependent subunit-
specific action of NAAG on NMDARs. Using whole-cell electrophysiological recordings on acute hippocampal
slices from adult mice and on HEK293 cells, we found that NAAG increases synaptic GluN2A-containing
NMDAR EPSCs, while effectively decreasing extrasynaptic GluN2B-containing NMDAR EPSCs in physiological
pH. Intriguingly, the results of our study further show that in low pH, which is a physiological occurrence during
ischemia, NAAG depresses GluN2A-containing NMDAR EPSCs and amplifies its inhibitory effect on GluN2B-
containing NMDAR EPSCs, as well as upregulates the surface expression of the GluN2A subunit. Altogether, our
data demonstrate that NAAG has differential effects on NMDAR function based on subunit composition and
pH. These findings suggest that the role of NAAG as a neuroprotective agent during an ischemic stroke is likely
mediated by its ability to reduce NMDAR excitation. The inhibitory effect of NAAG on NMDARs and its enhanced
function in acidic conditions make NAAG a prime therapeutic agent for the treatment of ischemic events.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Stroke is one of the leading causes of death and disability worldwide
(Truelsen et al., 2003). During an ischemic event, such as stroke, there
is excessive release of the neurotransmitter glutamate, leading
to Ca2+-induced excitotoxic neuronal death due to overactivation of
N-methyl-D-aspartate receptors (NMDARs) (Weilinger et al., 2013).
NMDAR antagonists have been shown to protect against excitotoxicity
in ischemic models, however, none of these agents are currently
ntanedioic acid; 2-PMSA, 2-
brospinal fluid; BDNF, brain-
ement binding protein; EPSC,

carboxypeptidase type II;
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ect.com).

14
approved for clinical use due to lack of efficacy or intolerable side effects
(Ikonomidou and Turski, 2002; Gardoni and Di Luca, 2006).

N-acetyl-aspartyl-glutamate (NAAG), themost abundant neuropep-
tide in the mammalian brain, modulates the glutamatergic system
and is thought to play a key role in neuroprotection (Neale et al.,
2005). NAAG is stored in synaptic vesicles and released upon Ca2+-
dependent depolarization, and is degraded by the astrocytic glycopro-
tein glutamate carboxypeptidase II (GCP-II) into N-acetylaspartate
and glutamate (Neale et al., 2011). The levels of NAAG can be increased
endogenously through the use of GCP-II inhibitors, such as 2-
(phosphonomethyl)pentanedioic acid (2-PMPA) (Jackson et al., 1996).
Numerous studies have shown that an increase in NAAG, either by
exogenous or endogenous manipulation, is neuroprotective against
NMDAR-mediated neurotoxicity without adverse side effects (Slusher
et al., 1999; Lu et al., 2000; Tortella et al., 2000; Cai et al., 2002).
Although it is well established that NAAG has neuroprotective proper-
ties, the literature to date has reported conflicting results regarding
its effect on NMDARs (Westbrook et al., 1986; Sekiguchi et al., 1989,
1992; Losi et al., 2004; Bergeron et al., 2005, 2007; Fricker et al., 2009;
Bergeron and Coyle, 2012). Therefore, it remains unclear whether this
7

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2015.08.017&domain=pdf
http://dx.doi.org/10.1016/j.nbd.2015.08.017
mailto:rbergeron@ohri.ca
http://dx.doi.org/10.1016/j.nbd.2015.08.017
http://www.sciencedirect.com/science/journal/09699961


581P. Khacho et al. / Neurobiology of Disease 82 (2015) 580–592
neuroprotection is mediated through themodification of NMDAR activ-
ity, which could depend on the subunit composition of the receptor, as
well as extracellular conditions.

NMDARs are heterotetramers composed of two obligatory GluN1
and two GluN2 (A–D) subunits. A third family of NMDAR subunits,
GluN3, has also been described, which includes subtypes GluN3A and
GluN3B. In the adult mouse hippocampus GluN2A and GluN2B subunits
are prominent in CA1pyramidal neurons and are located onboth synaptic
and extrasynaptic sites. The expression of GluN1/GluN2 subunit composi-
tion in the brain changes throughout development and conveys different
pharmacological and kinetic properties on functional NMDARs. In the
neonatal brain, GluN2B-containing NMDARs, characterized by slower
decay kinetics, dominate at the synapse. Following postnatal develop-
ment the subunit composition changes to be more GluN2A-containing
at the synapse and GluN2B-containing extrasynaptically (Cull-Candy
et al., 2001; Loftis and Janowsky, 2003; van Zundert et al., 2004; Paoletti
et al., 2013; Sanz-Clemente et al., 2013). There is ample evidence
supporting the notion that GluN2B-containing NMDARs dominate
extrasynaptic sites in mature animals, as reported by several studies uti-
lizing the selective GluN2B antagonist, ifenprodil (Tovar and Westbrook,
1999; Bellone and Nicoll, 2007; Mony et al., 2009b).

Alterations in NMDAR function can result from changes in subunit
composition of the receptor, as well as pH conditions. Lower pH
(6.3–6.8) induces an inhibitory effect on NMDARs, while more basic
pH enhances NMDAR activity (Tang et al., 1990; Traynelis and
Cull-Candy, 1990, 1991; Vyklicky et al., 1990; Low et al., 2003; Dravid
et al., 2007). During ischemic conditions, pH in the extracellular space
can drop by 0.2 to more than 1.0 pH units due to the accumulation of
lactic acid (Doyle et al., 2008). Interestingly, some drugs have enhanced
function in different pH conditions. For example, ifenprodil is neuropro-
tective in animal models of stroke, not only by being selective for
GluN2B-containing NMDARs, but also by increasing the receptor's
sensitivity to inhibition by protons (Shalaby et al., 1992; Pahk and
Williams, 1997; Whittemore et al., 1997; Mott et al., 1998). Perhaps
the discrepancies observed in previous studies of the effect of NAAG
on NMDARs arise from differences in subunit composition as well as
variations in pH, whereby NAAG could be neuroprotective in ischemic
models (acidic pH), but show no effect on NMDARs when studied in a
physiological pH environment.

Here we show, usingmouse acute hippocampal slices and a HEK293
recombinant system, a subunit-specific action of NAAG on NMDARs.
We found that NAAG increases synaptic GluN2A-containing NMDAR
excitatory postsynaptic currents (EPSCs), while effectively decreasing
extrasynaptic GluN2B-containing NMDAR EPSCs in physiological condi-
tions. We also show that in acidic pH, NAAG inhibits both GluN2A- and
GluN2B-containing NMDAR EPSCs, as well as upregulates the surface
expression of the GluN2A subunit. These novel findings suggest that
NAAG differentially modulates NMDAR function during physiological
and pathological conditions. Given that NMDAR subunit development
and pH are similarly regulated in mice and humans (Law et al., 2003;
Casey et al., 2010; Orlowski et al., 2011), our results suggest a potential
therapeutic relevance in neurological conditions, such as stroke.

2. Materials and Methods

2.1. Slice Preparation

Acute coronal hippocampal brain slices (300 μmthick)were obtained
fromwild type Swissmice of either sex (8–12weeks old). Prior to decap-
itation, animalswere anesthetized by isoflurane inhalation, in agreement
with the guidelines of the Canadian Council of Animal Care and approved
by the University of Ottawa Animal Care Committee. The brain was
removed andplaced in oxygenated (95%O2/5% CO2) artificial cerebrospi-
nal fluid (ACSF) at 4°C containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1
MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose (300 mOsm, pH 7.2).
Slices were cut with a vibrating microtome (Leica VT 1000S) and
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incubated for 1 h in oxygenated ACSF at room temperature before they
were used for experiments.

2.2. Whole-cell Electrophysiology on Hippocampal Slices

Whole-cell voltage-clamp recordings were performed on CA1 pyra-
midal neurons from acute hippocampal slices using differential interfer-
ence contrast optics and infrared video microscopy (IR-DIC; Leica
DMLFSA). All experiments were performed at room temperature in
ACSF and cells were voltage-clamped at −65 mV. A stable baseline
recording was first obtained in normal ACSF. To isolate synaptic
NMDAR-mediated EPSCs, ACSF with a low concentration of Mg2+

(0.1 mM) was used containing (in μM): 5 NBQX, 50 picrotoxin, 10
bicuculline, and 0.5 strychnine (all purchased from Tocris Bioscience).
To isolate for extrasynaptic NMDAR-mediated EPSCs, 30 μM MK-801
(purchased from Abcam) and 30 μM DL-TBOA (purchased from Tocris
Bioscience) were included in the low Mg2+ ACSF as previously de-
scribed (Hardinghamet al., 2002; Carpenter-Hyland et al., 2004; Harney
et al., 2008; Imamura et al., 2008; Okamoto et al., 2009; Hardingham
and Bading, 2010; Xia et al., 2010; Li et al., 2011). When required,
additional drugs were bath applied (in μM): 20 NAAG, 10 2-PMPA, 3
ifenprodil, 10 LY341495 (all purchased from Tocris Bioscience), and 10
2-(phosphonomethyl)succinic acid (2-PMSA; a generous gift from
Dr. Barbara Slusher, Brain Science Institute, Johns Hopkins School of
Medicine, Baltimore, MD). Extracellular solutions with modified pH
values were prepared by replacing NaHCO3 in the ACSF with one of
two different pH buffers (depending on their pH ranges), PIPES
(20 mM) or HEPES (20 mM), and the pH was adjusted to either 6.5,
6.8, or 7.6 with NaOH (Doroshenko and Renaud, 2009). For voltage-
clamp recordings, borosilicate glass electrodes were filled with an
internal solution containing (in mM): 128 Cs-methanesulfonate, 10
tetraethylammonium-Cl, 10 HEPES, 0.6 EGTA, 2 MgCl2, 2 Mg-ATP, 0.5
Na-GTP (all purchased from Sigma-Aldrich), and 5 QX-314 (purchased
fromAbcam), and the pHwas adjusted to 7.2 (280–290mOsm). The re-
cording electrodes had a resistance of 4–6MΩ. The series resistancewas
continuously monitored throughout the experiment by delivering a
5 mV hyperpolarizing step at the onset of every electrophysiological
sweep. Recordings with series resistance higher than 25 MΩ were ex-
cluded. EPSCs were evoked by electrical stimulation of the Schaffer col-
laterals in the CA3 region of the hippocampuswith a bipolar stimulating
electrode. The single stimulation protocol consisted of 100 μs current
pulses (10–200 μA) evoked every 12 s. To facilitate the blocking of syn-
aptic NMDAR currents by MK-801 throughout the extrasynaptic
NMDAR isolation protocol, the interval of stimulation was changed
from12 to 6 s duringMK-801 application only. The intensity of the stim-
ulation was adjusted to obtain evoked postsynaptic currents in the am-
plitude range of 100–150 pA.

2.3. HEK293 Cells Maintenance and Whole-cell Electrophysiology

HEK293 cells were maintained in minimal essential media supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin/streptomycin,
100 μM neomycin, and 1× glutaMAX™ (all purchased from Life
Technologies) and grown in a humidified 37°C, 5% CO2 incubator.
Twenty-four hours prior to transfection, approximately 0.18 × 106

cells were plated on Thermanox plastic coverslips (15 mm diameter,
thickness 0.2 mm; Thermo Scientific) in 12-well plates. The cells were
then transiently transfected with GluN1 together with either GluN2A
or GluN2B cDNAs using the TransIT-2020 transfection reagent
(Mirus). For visualization purposes, mCherry fluorescent protein was
used as co-transfectant. The total amount of cDNA added for these triple
transfections was approximately 1 μg per well at a cDNA molar ratio of
1:2:0.5 (GluN1:GluN2A:mCherry or GluN1:GluN2B:mCherry). Following
transfection, the cells were grown in the presence of 100 mM DL-APV
(selective NMDAR antagonist; purchased from Tocris Bioscience) to
prevent overactivation of expressed receptors and subsequently cell



582 P. Khacho et al. / Neurobiology of Disease 82 (2015) 580–592
death. Cells were used for electrophysiological recordings 48–72 h after
transfection. Individually transfected HEK293 cells were then identified
for whole-cell recordings and currents were evoked using pressure ejec-
tion (10 psi) from a picospritzer micropipette filled with glutamate
(100 μM) and glycine (10 μM; both purchased from Sigma-Aldrich) for
a duration of 5–30 ms every 20 s. For HEK293 cell electrophysiological
recordings, the external solution contained (in mM): 150 NaCl, 10
HEPES, 3 KCl and 2 CaCl2. The pH was adjusted accordingly using 5 M
NaOH and the osmolality to 290 mOsm using sucrose. The borosilicate
electrodes were filled with internal solution containing (in mM): 115
NaCl, 10 NaF, 5 HEPES, 5 Na4-BAPTA, 0.5 CaCl2, 1 MgCl2 and 10 Na2-
ATP (all purchased from Sigma-Aldrich), and the pH was adjusted to
7.2 (280–290 mOsm).
2.4. Analysis

Data were collected using a Multiclamp 700A amplifier (Axon In-
struments), filtered at 2 kHz and digitized at 10 kHz by a Digidata
1322A digitizer (Molecular Devices). Recordings were analyzed using
the pClamp 9 software suite (Molecular Devices). Statistical significance
of the results was determined with paired (two-tailed) Student's t-test.
A p value of b 0.05was considered statistically significant. All values are
expressed as mean ± SEM. Kinetic analysis of NMDAR currents was
performed on averaged traces. Decay kinetics were measured using a
Fig. 1. Endogenous and exogenous NAAG potentiate synaptic NMDAREPSCs in acute hippocamp
slices and the average amplitude of evoked synaptic NMDAR EPSCswas plotted during a 15min
by a dotted line; n=5 cells). Representative traces of synaptic NMDAR EPSCs of a control andNA
in (A) showing the average synaptic NMDAR EPSC amplitudes 5 min before NAAG applicatio
(C) Average synaptic NMDAR EPSC amplitudes plotted during a 15 min 2-PMPA application fo
Representative traces of synaptic NMDAR EPSCs of a control and 2-PMPA-treated CA1 pyramid
erage synaptic NMDAR EPSC amplitudes 5 min before 2-PMPA application (Ctrl), during the las
current amplitudes are normalized to the last 5 min of control in all cases. Data expressed as m
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biexponential fit to calculate a weighted τ value (τw). No significant dif-
ferences in decay kinetics or 10–90% rise times were observed between
control and treatment in any of the experimental conditions (p N 0.05;
Tables S1–S3).
2.5. Cell Surface Biotinylation Assay and Western Blotting

Acute coronal hippocampal slices from mice were prepared as de-
scribed above and the hippocampi fromeach slicewere isolated, pooled,
and allowed to recover. The hippocampi were then divided into six
groups and incubated for 20 min at room temperature at pH 7.2, 6.8,
or 7.6 in either the presence or absence of NAAG. Biotinylation of surface
proteinswas thereafter performed as previously described (Pabba et al.,
2014). In short, the hippocampal sliceswere incubated for 20min in ice-
cold 0.5 mg/ml EZ-sulfo-NHS-SS-biotin (Pierce/Thermo Scientific)
in phosphate-buffered saline (PBS, in mM: 137 NaCl, 2.7 KCl, 10
Na2HPO4, 1.8 KH2PO4, pH 7.4). Afterwashing andhomogenization, the ly-
sates were incubated with neutravidin beads (Pierce/Thermo Scientific).
The bound proteins were recovered from the beadswith 400 μl of elution
buffer (in mM: 50 Tris–HCl, 1 DTT; 2% SDS, pH 6.8) by boiling for 10min.
Protein concentrations were determined using DC assay (Bio-Rad) before
Western blot.

Totalmembrane proteins (10 μg)were loaded and resolved as entire
series on 8% SDS-PAGE and transferred to PVDF membranes. Primary
al slices in physiological pH. (A) CA1 pyramidal neuronswere recorded fromhippocampal
exogenous NAAG application followed bywashout and compared to control (represented
AG-treatedCA1 pyramidal neuron are also shown. (B) Representative bar graph fromdata
n (Ctrl), during the last 5 min of NAAG treatment (NAAG), and during washout (Wash).
llowed by washout and compared to control (represented by a dotted line) (n = 6 cells).
al neuron are also shown. (D) Representative bar graph from data in (C) showing the av-
t 5 min of 2-PMPA treatment (2-PMPA), and during washout (Wash). The averages of the
ean ± SEM. *, p b 0.05.
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antibodies used were anti-GluN1 (1:10,000; Synaptic Systems GmbH);
anti-GluN2A and anti-GluN2B (both 1:750; LifeSpan Biosciences), and
anti-Na+/K+-ATPase (Developmental Studies Hybridoma Bank). The
blots were developed with Luminata Forte (Millipore) and visualized
using the LI-COR Odyssey Fc System (LI-COR Biosciences). The band in-
tensities were quantified using the Image Studio 2.0 software (LI-COR
Biosciences) and normalized to Na+/K+-ATPase, which remained un-
changed with treatment. Statistics were done using one-way ANOVA
and Tukey's post-hoc test with 95% confidence interval. All values are
expressed as mean ± SEM.

3. Results

3.1. NAAG Differentially Modulates Synaptic and Extrasynaptic NMDAR
Function in Acute Hippocampal Slices

Using adult mice, we set out to investigate the role of NAAG in the
regulation of NMDAR activity. The effect of NAAG on synaptic NMDARs
was tested in the mouse hippocampus. Whole-cell currents from acute
brain slices of CA1 pyramidal neuronswere recorded andNMDAREPSCs
were isolated. For all experiments, control was established in the last
5 min of baseline recording before application of any treatment, and
all datawas thereafter normalized to this control (unless otherwise stat-
ed). Following a stable baseline recording, NAAG (20 μM) was perfused
for 15 min followed by a 20 min washout. In the presence of NAAG, we
observed a 44± 12.6% increase in the synaptic NMDAR-mediated EPSC
amplitude (n=5 cells, p b 0.05; Fig. 1A, B). The effect of NAAG persisted
even following washout. Since no recovery was observed for 20 min in
Fig. 2. Endogenous and exogenous NAAG inhibit extrasynaptic NMDAR EPSCs in acute hippocam
during a 15 min exogenous NAAG application followed by washout and compared to control (
EPSCs of a control and NAAG-treated CA1 pyramidal neuron are also shown. (B) Representativ
5min beforeNAAG application (Ctrl), during the last 5min of NAAG treatment (NAAG), and dur
a 15min 2-PMPA application followed bywashout and compared to control (represented by a d
and 2-PMPA-treated CA1 pyramidal neuron are also shown. (D) Representative bar graph from
PMPA application (Ctrl), during the last 5 min of 2-PMPA treatment (2-PMPA), and during wa
control in all cases. Data expressed as mean ± SEM. *, p b 0.05.
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any of the experiments, only up to 10 min of washout is shown in all
figures. Similar experiments were performed using the GCP-II inhibitor,
2-PMPA (10 μM), which endogenously increases the level of NAAG
(Jackson et al., 1996; Slusher et al., 1999; Nagel et al., 2006). In agree-
ment with the results obtained with exogenous application of NAAG,
2-PMPA significantly increased the amplitude of the synaptic NMDAR
EPSC by 29 ± 6.1% (n = 6 cells, p b 0.05; Fig. 1C, D). To confirm that
the effect of 2-PMPA was the result of its inhibitory effect on GCP-II
and the consequent elevation of NAAG, we used 2-PMSA (10 μM), a
structurally similar but inactive analogue of 2-PMPA (Jackson et al.,
1996; Slusher et al., 1999). Our data shows that 2-PMSA has no effect
on NMDAR EPSCs (n = 4, p N 0.05; Fig. S1A).

To control for any influence that mGluR3 may have had on these re-
sults, similar experiments were conducted in the presence of LY341495
(10 μM), a potent and selective group II mGluR antagonist. The effect of
NAAG (n = 5) and 2-PMPA (n = 5) on NMDAR EPSCs was sustained
throughout the application of LY341495 (p b 0.05; Fig. S2A), suggesting
that the observed effect was not mediated by activation of mGluR3. Fur-
thermore, to demonstrate that the effects of NAAG and 2-PMPA are not
mediated by presynaptic neurotransmitter release, we performed a
paired-pulse paradigm. No difference in the ratio of successive re-
sponses (amplitude 2/amplitude 1) was observed following application
of either NAAG (n= 3 cells, p N 0.05) or 2-PMPA (n= 3 cells, p N 0.05;
Fig. S2C).

To investigate the influence of NAAG onNMDARswith different sub-
unit compositions and subcellular localization, a previously established
pharmacological paradigm (Fig. S3A) was used to block the activity of
synaptic NMDARs, enabling us to specifically study the effect of NAAG
pal slices in physiological pH. (A) Average extrasynaptic NMDAR EPSC amplitudes plotted
represented by a dotted line; n = 4 cells). Representative traces of extrasynaptic NMDAR
e bar graph from data in (A) showing the average extrasynaptic NMDAR EPSC amplitudes
ingwashout (Wash). (C) Average amplitude of extrasynapticNMDAREPSCsplotted during
otted line) (n= 8 cells). Representative traces of extrasynaptic NMDAR EPSCs of a control
data in (C) showing the average extrasynaptic NMDAR EPSC amplitudes 5 min before 2-

shout (Wash). The averages of the current amplitudes are normalized to the last 5 min of
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on extrasynaptic NMDARs in adult mice (Hardingham et al., 2002;
Carpenter-Hyland et al., 2004; Harney et al., 2008; Imamura et al.,
2008; Okamoto et al., 2009; Hardingham and Bading, 2010; Xia et al.,
2010; Li et al., 2011). MK-801 (30 μM), an irreversible use-dependent
NMDAR antagonist (Huettner and Bean, 1988), was used to block syn-
aptic NMDARs. The glutamate reuptake inhibitor, DL-TBOA (30 μM),
was then applied, allowing glutamate to diffuse away from the synapse
and activate the extrasynaptic NMDAR population (Fig. S3B) (Clements
et al., 1992). Analysis of extrasynaptic NMDAR EPSCs indicates that they
are primarily GluN2B-containing due to their characteristically slow
decay kinetics, as compared to the faster GluN2A-containing NMDARs
(Table S1). To further verify NMDAR subunit distinction in our system
we measured and demonstrated a difference in ifenprodil sensitivity
on synaptic and extrasynaptic NMDARs. Following synaptic NMDAR
isolation and a stable baseline recording, ifenprodil (3 μM)was bath ap-
plied for 15 min. We observed a significant 11 ± 3.2% increase in
NMDAR-mediated EPSC amplitudes (n = 4 cells, p b 0.05; Fig. S3C).
On the other hand, when ifenprodil was bath applied for 15min follow-
ing isolation of extrasynaptic NMDARs we observed a significant 49 ±
5.3% decrease in NMDAR-mediated EPSC amplitudes (n = 5 cells,
p b 0.05; Fig. S3D). These findings clearly show an inhibition of
extrasynaptic NMDARs by ifenprodil, however, no sign of inhibition of
synaptic NMDARs. This demonstrates that NMDAR subunit composition
is indeed different depending on the subcellular localization, with
GluN2A- and GluN2B-containing receptors dominating synaptic and
extrasynaptic sites, respectively. In addition, control experiments show-
ing stable baseline recordings of NMDAR EPSCs over time in the absence
Fig. 3. NAAG potentiates GluN2A-containing NMDAR currents and inhibits GluN2B-containin
HEK293 cellswere recorded and the averageNMDARcurrent amplitudeswere plottedduring a
line) (n=7 cells). Representative traces of NMDAR currents of a control andNAAG-treatedHEK
of GluN2A-containing NMDAR current amplitudes 5 min before NAAG application (Ctrl), dur
GluN2B-transfected HEK293 cells were recorded and the average NMDAR current amplitudes
(represented by a dotted line) (n = 9 cells). Representative traces of NMDAR currents of a co
data in (C) showing the average of GluN2B-containing NMDAR current amplitudes 5 min befo
washout (Wash). The averages of the current amplitudes are normalized to the last 5 min of c

15
of NAAG on both synaptic and extrasynaptic NMDARs are shown
(p N 0.05; Fig. S4A, B). Following isolation of extrasynaptic NMDARs,
NAAG or 2-PMPA was bath applied for 15 min, and we observed that
both compounds significantly reduced the amplitude of the
extrasynaptic NMDAR EPSC. In the presence of NAAG, the decrease in
amplitude was 27 ± 6.9% (n = 4 cells, p b 0.05; Fig. 2A, B) and in the
presence of 2-PMPA it was 41 ± 4.7% (n = 8 cells, p b 0.05; Fig. 2C,
D). These data show that NAAG potentiates synaptic GluN2A-
containing NMDAR EPSCs and inhibits extrasynaptic GluN2B-
containing NMDAR EPSCs.

3.2. A Subunit-Specific Action of NAAG on GluN2A- and GluN2B-containing
NMDARs in HEK293 Cells

In native tissue, synaptic and extrasynaptic NMDAR populations are
not homogenously GluN2A- or GluN2B-containing, but include both
with one dominating (Suarez et al., 2010; Tovar et al., 2013). In order
to validate that NAAG has distinctive effects on NMDARs with different
subunit compositions, we utilized an in vitro recombinant system. To es-
tablish cells containing a specified subunitmakeup of NMDARs, HEK293
cells were transiently transfected with GluN1 in combination with ei-
ther GluN2A or GluN2B subunits. Decay kinetics were measured for
both GluN2A andGluN2B transfectedHEK293 cells to ensure the correct
subunit composition of the NMDARs. As expected, GluN2B-containing
cells had slower kinetics than the GluN2A-containing cells (Table S1).
Following application of NAAG on GluN2A-transfected HEK293 cells,
there was a significant increase of 18 ± 3.4% in the NMDAR current
g NMDAR currents in HEK293 cells in physiological pH. (A) GluN1/GluN2A-transfected
15min treatmentwith exogenousNAAGand compared to control (represented by a dotted
293 cell are also shown. (B) Representative bar graph fromdata in (A) showing the average
ing the last 5 min of NAAG treatment (NAAG) and during washout (Wash). (C) GluN1/
were plotted during a 15 min treatment with exogenous NAAG and compared to control
ntrol and NAAG-treated HEK293 cell are also shown. (D) Representative bar graph from
re NAAG application (Ctrl), during the last 5 min of NAAG treatment (NAAG), and during
ontrol in all cases. Data expressed as mean ± SEM. *, p b 0.05.

1



585P. Khacho et al. / Neurobiology of Disease 82 (2015) 580–592
amplitude (n = 7 cells, p b 0.05; Fig. 3A, B). However, in the GluN2B-
transfected HEK293 cells, there was a significant decrease of 18 ±
9.1% in the NMDAR current amplitude in the presence of NAAG (n =
9 cells, p b 0.05; Fig. 3C, D). Furthermore, we performed control exper-
iments showing stable baseline recordings of NMDAR currents over
time in the absence of NAAG in both GluN2A- and GluN2B-containing
NMDARs (p N 0.05; Fig. S4C, D). The results from our HEK293 recordings
are in agreement with the data obtained from acute hippocampal slices
and further support that NAAG potentiates GluN2A-containing NMDAR
currents, while inhibiting GluN2B-containing NMDAR currents.

3.3. The Effect of NAAG on NMDAR Function is Modulated by Protons in
Acute Hippocampal Slices and HEK293 Cells

In addition to subunit specificity, the effect of NAAG on NMDARs
could also be pH-dependent, whereby a higher potency in acidic ische-
mic conditions may underlie its neuroprotective mechanism (Shalaby
et al., 1992; Pahk and Williams, 1997; Whittemore et al., 1997; Mott
et al., 1998). We first established that the pH-dependent regulation of
NMDARs occurs in our system. Synaptic and extrasynaptic NMDAR
EPSCs were recorded in different pH conditions (6.5, 6.8, and 7.6) and
normalized to baseline (pH 7.2). There was an 80 ± 3.2% reduction of
the synaptic NMDAR EPSC amplitude at pH 6.5 (n = 10 cells, p b 0.05),
and a 50±3.9% reduction at pH 6.8 (n=11 cells, p b 0.05). Additionally,
changing the pH from 7.2 to 7.6 induced a 94 ± 21.1% increase in this
NMDAR synaptic current (n = 10 cells, p b 0.05; Fig. S5). This change
in pH also produced a very similar effect on extrasynaptic NMDARs.
When the extracellular pH was decreased to 6.5, there was a 76 ± 4.9%
Fig. 4. NAAG decreases the activity of synaptic NMDARs during acidic conditions in acute hippo
cells) (A), pH 6.8 (n= 6 cells) (B), and pH 7.6 (n= 5 cells) (C) weremeasured and plotted. The
their corresponding controls of pH change alone before NAAG application (control represented
of synaptic NMDAR EPSC amplitudes in different pH conditions 5 min before NAAG applicati
expressed as mean ± SEM. *, p b 0.05.
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reduction of the extrasynaptic NMDAR EPSC amplitude (n = 3 cells,
p b 0.05), as well as a reduction of 51 ± 12.2% at pH 6.8 (n = 4 cells,
p b 0.05). An increase in the extracellular pH to 7.6 resulted in a signifi-
cant 34 ± 7.4% increase in the extrasynaptic NMDAR EPSC amplitude
as compared to control (n = 4 cells, p b 0.05; Fig. S6).

The pH-dependent inhibitory effect was further validated in our in
vitro system. Recording GluN2A-containing HEK293 cells at extracellu-
lar pH levels of 6.8 resulted in a 53 ± 7.6% decrease in the NMDAR
current amplitude (n = 5 cells, p b 0.05), while at pH 7.6, there was a
45 ± 18.2% increase (n = 6 cells, p b 0.05; Fig. S7A, B). Similarly,
when GluN2B-containing HEK293 cells were recorded at extracellular
pH levels of 6.8 there was a 52 ± 5.6% decrease in the NMDAR current
amplitude (n = 5 cells, p b 0.05), and a 44 ± 7.2% increase at pH 7.6
(n = 4 cells, p b 0.05; Fig. S7C, D). Our results show that protons
modulate NMDAR function.

Next, the effect of NAAG on synaptic and extrasynaptic NMDAR ac-
tivity under different pH conditions was investigated. NAAG was
applied after establishing a stable baseline at pH 6.5, 6.8, or 7.6. In
order to better visualize the effect of NAAG in different pH conditions,
the initial pH-induced NMDAR currentwas treated as a control and nor-
malized to 100%. Interestingly, NAAG decreased the synaptic NMDAR
EPSC amplitude by 53 ± 5.5% at pH 6.5 (n = 7 cells, p b 0.05; Fig. 4A),
and by 27 ± 5.7% at pH 6.8 (n = 6 cells, p b 0.05; Fig. 4B). The effect
of 2-PMPA on NMDAR EPSCs was also evaluated in low pH (6.8) and
similarly a decrease of 37 ± 8.4% was observed (n = 5, p b 0.05;
Fig. S8). To confirm that the effect of 2-PMPA was specific to GCP-II in-
hibition and mediated by an increase in NAAG, we tested the effect of
2-PMSA on NMDAR EPSCs in acidic pH.We found no significant change
campal slices. The effects of NAAG on synaptic NMDAR-mediated EPSCs at pH 6.5 (n = 7
average NMDAR amplitudes following NAAG treatment andwashoutwere normalized to
by dotted lines). (D) Representative bar graph of (A)–(C) showing the normalized average
on (Ctrl), the last 5 min of NAAG treatment (NAAG), and during washout (Wash). Data
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in the amplitude of the NMDAR EPSC (n= 3, p N 0.05; Fig. S1B). In con-
trast towhatwas observed in lowpH (6.8), NAAG-induced a 44±12.6%
increase in the synaptic NMDAR EPSC amplitude at physiological pH of
7.2 as shown in Fig. 1A–B, as well as an 18 ± 16.5% increase at pH 7.6
(n = 5 cells, p b 0.05; Fig. 4C). These results are summarized in
Fig. 4D. To rule out any effect of mGluR3, we repeated the study in acidic
pH (6.8) with either NAAG (n= 4) or 2-PMPA (n= 4) in the presence
of the LY341495 compound (p b 0.05; Fig. S2B).

We further examined whether a change in pH could amplify the in-
hibitory effect of NAAG in the extrasynaptic population of NMDARs as
shown in Fig. 2. Following application of NAAG at a lower pH of 6.5 or
6.8, there was a further significant reduction of extrasynaptic NMDAR
EPSC amplitude as compared to physiological pH levels (p b 0.05). An
extracellular pH level of 6.5 induced a 53 ± 7.3% decrease in the
extrasynaptic NMDAR EPSC amplitude (n = 3 cells, p b 0.05; Fig. 5A),
while an extracellular pH of 6.8 decreased it by 47 ± 9% (n = 6 cells,
p b 0.05; Fig. 5B). On the other hand, when extracellular pH was
increased to 7.6 there was a non-significant 2 ± 16.8% change in the
extrasynaptic NMDAR EPSC amplitude (n = 5 cells, p N 0.05; Fig. 5C).
These results are summarized in Fig. 5D.

Recombinant experimentswith theHEK293 cellswere again utilized
to verify that the potency of NAAG at NMDARs is pH-dependent. The ef-
fect of NAAG on the activity of GluN2A- or GluN2B-containing NMDARs
was evaluated at different pH levels.When GluN2A-containing HEK293
cells were recorded at extracellular pH of 6.8 in the presence of NAAG,
there was a 25 ± 7.3% decrease in the NMDAR amplitude (n = 6 cells,
p b 0.05), while at pH 7.6, the presence of NAAG resulted in an increase
of 28 ± 11.6% (n= 6 cells, p b 0.05; Fig. 6A, B). Application of NAAG on
Fig. 5.NAAG further inhibits extrasynaptic NMDARs during acidic conditions in acute hippocam
(n = 3 cells) (A), pH 6.8 (n = 6 cells) (B), and pH 7.6 (n = 5 cells) (C) were measured and
normalized to their corresponding controls of pH change alone before NAAG application (con
normalized average of extrasynaptic NMDAR EPSC amplitudes in different pH conditions 5 m
washout (Wash). Data expressed as mean ± SEM. *, p b 0.05.
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GluN2B-containing HEK293 cells at extracellular pH of 6.8 caused a fur-
ther reduction in the NMDAR amplitude as compared to physiological
pH levels (p b 0.05; Fig. 6D), and resulted in a 37 ± 2.3% decrease in
the NMDAR current (n = 5 cells, p b 0.05) compared to baseline,
while no change was observed at pH 7.6 (n = 3 cells, p N 0.05; Fig. 6C,
D). Altogether, these results show that the effect of NAAG on NMDARs
is pH-dependent on both synaptic and extrasynaptic NMDARs, and the
data is further confirmed using our HEK293 cells recombinant system
with GluN2A- and GluN2B-containing NMDARs. In acidic conditions,
NAAG decreases the current amplitude of synaptic NMDARs (GluN2A-
containing), and further inhibits the activity of extrasynaptic NMDARs
(GluN2B-containing).

3.4. In Acidic pH NAAG Upregulates the Surface Expression of GluN2A- but
not GluN2B-containing NMDARs in the Hippocampus

The decrease in NMDAR EPSCs observed at low pH could potentially
be attributed to a decrease in surface levels of the receptor. We there-
fore performed cell surface biotinylation on mouse hippocampal slices
to compare the levels of NMDAR subunits in different pH conditions in
the presence or absence of exogenousNAAG. Analysis of surface expres-
sion of NMDAR subunits at pH 6.8 showed no significant alterations
(n= 4; p N 0.05), as well as no significant changes when the pHwas in-
creased to 7.6 (n = 4; p N 0.05; Fig. 7A, B). In addition, treatment with
NAAG at physiological pH did not cause a significant change in GluN1
(n = 4; p N 0.05), GluN2A (n = 4; p N 0.05), or GluN2B (n = 4;
p N 0.05) surface expression compared to the untreated control
(Fig. 7C, D). Interestingly, when the pH was lowered to 6.8 in the
pal slices. The effects of NAAG on isolated extrasynaptic NMDAR-mediated EPSCs at pH 6.5
plotted. The average NMDAR amplitudes following NAAG treatment and washout were
trol represented by dotted lines). (D) Representative bar graph of (A)–(C) showing the
in before NAAG application (Ctrl), the last 5 min of NAAG treatment (NAAG), and during
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Fig. 6. In acidic conditions NAAG decreases the activity of both GluN2A- and GluN2B-containing NMDARs in HEK293 cells. (A) GluN1/GluN2A-transfected HEK293 cells were recorded in
different pH conditions in the presence of NAAG and average NMDAR current amplitudes were plotted (pH 6.8, n = 6 cells; pH 7.2, n = 7 cells; and pH 7.6, n = 6 cells). The average
NMDAR amplitudes followingNAAG treatment andwashout were normalized to their corresponding controls of pH change alone before NAAG application (control represented by a dot-
ted line). (B) Representative bar graph of (A) showing the normalized average of GluN2A-containing NMDAR current amplitudes in different pH conditions 5min before NAAG application
(Ctrl), the last 5 min of NAAG treatment (NAAG), and during washout (Wash). (C) GluN1/GluN2B-transfected HEK293 cells were recorded in different pH conditions in the presence of
NAAG and the normalized average NMDAR current amplitudes were plotted (pH 6.8, n = 5 cells; pH 7.2, n = 9 cells; and pH 7.6, n = 3 cells; control represented by a dotted line).
(D) Representative bar graph of (C) showing the normalized average of GluN2B-containing NMDAR current amplitudes in different pH conditions 5 min before NAAG application
(Ctrl), the last 5 min of NAAG treatment (NAAG), and during washout (Wash). Data expressed as mean ± SEM. *, p b 0.05.
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presence of NAAG, therewas a significant increase in the surface expres-
sion of GluN1 (60 ± 11.4%; n = 4; p b 0.05) and GluN2A (91 ± 24.6%;
n = 4; p b 0.05) compared to physiological conditions with NAAG.
These changes were unique to the GluN1 and GluN2A subunits since
no significant differences in surface expression were detected for
GluN2B (n=4; p N 0.05; Fig. 7C, D).Moreover, therewere no significant
differences in the expression of any of the subunits when the pHwas in-
creased to 7.6 in the presence of NAAG (n = 4, p N 0.05) compared to
physiological conditions with NAAG (Fig. 7C, D). These data show that
the inhibitory effect of NAAG on GluN2B-containing NMDARs is not
due to changes in receptor levels. Furthermore, in low pH conditions,
NAAG increases the surface expression of GluN2A-containing NMDARs.

To further validate these results, we performed electrophysiological
experiments on mouse hippocampal slices using a similar sequence of
events. Following isolation of the synaptic NMDAR EPSC, we acquired
a 5 min baseline recording. We then lowered the pH to 6.8 in the pres-
ence of NAAG for 15min. Subsequently, the pHwas brought back to 7.2
without NAAG. The synaptic NMDAR EPSC was recorded and we mea-
sured a significant 210 ± 43.2% increase in the amplitude as compared
to the 5 min baseline recording (n = 5 cells, p b 0.05; Fig. 8A, B).
Furthermore, we performed this protocol on extrasynaptic NMDARs
and did not observe an increase in the EPSC following washout to
pH 7.2, but rather a 74 ± 1.1% decrease (n = 3 cells, p b 0.05; Fig. 8C,
D). To further investigate whether this increase in synaptic NMDAR
154
EPSCs is truly an upregulation of the GluN2A subunit, we washed on
ifenprodil, in place of NAAG, and detected no inhibitory effect but rather
an 11 ± 3.1% increase in the synaptic NMDAR EPSC (n = 3 cells,
p b 0.05; Fig. 8E, F). Altogether, these data show that, in acidic condi-
tions, NAAG causes an upregulation of synaptic GluN2A-containing
NMDARs.

4. Discussion

The data presented in this study (summarized in Fig. 9) demonstrate
that the endogenous neuropeptide NAAG modulates NMDAR activity
depending on its subunit composition and this effect is regulated by
extracellular pH. Using whole-cell electrophysiological recordings
from CA1 pyramidal neurons in acute brain slices and from HEK293
cells, we show that in physiological pH, NAAG inhibits GluN2B-
containing NMDAR EPSCs, while potentiating GluN2A-containing
NMDAR EPSCs. However, in low pH, NAAG inhibits both GluN2A- and
GluN2B-containing NMDAR EPSCs. We also report, using cell surface
biotinylation, that in acidic pH conditions NAAG increases the surface
expression of GluN2A-containing NMDARs. Taken together, these
results provide insight into the previously reported ambiguous effects
of NAAG on NMDAR-mediated neuroprotection.

The physiological role of NAAG in neurotransmission has been a
topic of controversy for the last two decades. While it has been shown



Fig. 7. In low pHNAAG increases the surface expression of GluN2A-containing NMDARs in the hippocampus. Representative bar graph (A) andWestern blots (B) of biotinylated (surface)
fractions fromhippocampal tissue subjected to different pH conditions (6.8 and 7.6) and compared to control (pH 7.2). Representative bar graph (C) andWestern blots (D) of biotinylated
(surface) fractions fromhippocampal tissue subjected to different pH conditions (6.8 and 7.6) in the presence of NAAGand compared to control (pH 7.2with andwithout NAAG). NMDAR
subunitswere visualized byGluN1, GluN2A, andGluN2B specific antibodies, andNa+/K+-ATPasewas used as a loading control. Bar graphs are expressed asmean± SEMof n=4 animals.
*, p b 0.05.
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by several groups that NAAG is a potent agonist at mGluR3 (Wroblewska
et al., 1993, 1997, 1998; Sanabria et al., 2004; Neale, 2011), there is
controversy concerning the role of NAAG on NMDARs. Some groups
have reported that NAAG behaves as an antagonist (Sekiguchi et al.,
1989; Puttfarcken et al., 1993; Grunze et al., 1996; Bergeron et al., 2005,
2007), while others have described an agonist-like effect on NMDARs
(Westbrook et al., 1986; Sekiguchi et al., 1992; Valivullah et al., 1994;
Kolodziejczyk et al., 2009). On the other hand, some have claimed no sig-
nificant effect of NAAG on NMDARs (Lea et al., 2001; Losi et al., 2004;
Fricker et al., 2009). These discrepancies could be due to multiple factors,
including differences in NMDAR subunit composition, which depends on
the developmental stage of the animal and subcellular localization of the
receptor, as well as the cell type and brain region under investigation.
The generation of conflicting results could also be attributed to the
experimental conditions in which NAAG and NMDARs are studied, such
as variations in extracellular pH. The results of our investigation now
provide some insight for these inconsistencies by demonstrating that
NAAG can indeed have differential effects onNMDARs due to the intrinsic
composition of the receptors, as well as the extracellular cues.

Synaptic and extrasynaptic NMDARs are known to mediate dis-
tinct physiological and pathological processes (Hardingham and
Bading, 2010). NMDAR subunit compositions have different effects
on synaptic function depending on their regional and developmen-
tal expression, their subcellular location (synaptic or extrasynaptic)
and their coupling to downstream signaling cascades. NMDAR subunit
composition differs throughout development, from being predominantly
GluN2B-containing to GluN2A-containing at maturation. In the adult
hippocampus, GluN2A-containing NMDARs are dominant at the synapse,
while GluN2B-containing NMDARs are located extrasynaptically (Cull-
Candy et al., 2001; van Zundert et al., 2004; Mony et al., 2009a;
15
Sanz-Clemente et al., 2013). By uncoupling the effect of NAAGon synaptic
and extrasynaptic NMDARs in older animals, and specifically studying its
effect on GluN2A- and GluN2B-containing NMDARs, we revealed that
NAAG has dual functions. Furthermore, several studies have shown that
increasing NAAG, through exogenous application (Lu et al., 2000; Cai
et al., 2002) or blocking its degradation (Slusher et al., 1999; Tortella
et al., 2000), is neuroprotective during brain ischemia. Indeed, the
enhanced effect of NAAG inhibition on NMDARs under acidic conditions,
such as that observed during stroke,may provide an explanation for these
convincing data. In addition, our data clarifies why some studies have
shown a specific neuroprotective effect of NAAG under ischemic condi-
tions, whereas others have shown no antagonistic effect of NAAG on
NMDARs when studied in physiological pH conditions.

The differential effect of NAAG on GluN2A- and GluN2B-containing
NMDARs can have therapeutic advantages since NMDARs with different
subunit composition and localization have been shown to have different
downstream effects. Synaptic GluN2A-containing NMDARs are generally
associated with neuronal survival, whereas activation of extrasynaptic
GluN2B-containing NMDARs is coupled to cell death pathways. Synaptic
and extrasynaptic NMDARs have opposing effects on the function of
cAMP response element binding protein (CREB), gene regulation and
cell fate (Vanhoutte and Bading, 2003; Hardingham and Bading, 2010;
Parsons and Raymond, 2014). The transcription factor CREB is responsi-
ble for regulating the expression of many proteins, including the brain-
derived neurotrophic factor (BDNF),which is important for neuronal sur-
vival (Shaywitz and Greenberg, 1999; West et al., 2001). The entry of
Ca2+ through synaptic GluN2A-containing NMDARs induces CREB activ-
ity and BDNF gene expression, which initiates pro-survival programs by
reducing the expression of pro-apoptotic factors. In contrast, Ca2+ entry
though extrasynaptic GluN2B-containing NMDARs activates the CREB
5



Fig. 8. The activity of synaptic NMDARs increases following low pH and NAAG application in acute hippocampal slices. Average amplitudes of evoked synaptic (A) and extrasynaptic
(C) NMDAR EPSCs were plotted following a 15 min treatment of low pH (6.8) in the presence of NAAG. The pH was subsequently brought back to 7.2 (without NAAG) and compared
to the 5min baseline recording (control at pH 7.2 represented by a dotted line; n=5 and 3 cells respectively). (B) Representative bar graph fromdata in (A) showing the average synaptic
NMDAR EPSC amplitudes 5 min before pH 6.8 and NAAG application (Ctrl (pH 7.2)), during the last 5 min of treatment (pH 6.8 + NAAG), and during washout back to pH 7.2 following
pH 6.8 + NAAG (Wash (pH 7.2)). (D) Representative bar graph from data in (C) showing the average extrasynaptic NMDAR EPSC amplitudes 5 min before pH 6.8 and NAAG application
(Ctrl (pH 7.2)), during the last 5 min of treatment (pH 6.8 + NAAG), and during washout back to pH 7.2 following pH 6.8 + NAAG (Wash (pH 7.2)). (E) Average synaptic NMDAR EPSC
amplitudes plotted during a 15 min application of ifenprodil and compared to the last 5 min of wash (pH 7.2) depicted in (A) and (B) (control represented by a dotted line; n = 3 cells).
(F) Representative bar graph showing the average synaptic NMDAR EPSC amplitudes 5 min before ifenprodil application (Ctrl) and during the last 5 min of ifenprodil treatment
(Ifenprodil). The averages of the current amplitudes are normalized to the last 5 min of control in all cases. Data expressed as mean ± SEM. *, p b 0.05.
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shut-off pathway, which inhibits BDNF gene expression and initiates the
cell death pathway causing loss ofmitochondrialmembrane potential, an
early marker for glutamate-mediated neuronal damage (Hardingham
et al., 2002; Kaufman et al., 2012). There is evidence suggesting that
increased activation of GluN2B-containing extrasynaptic NMDARs
contributes, at least in part, to the toxicity seen in neurodegenerative dis-
orders such as Huntington's and Alzheimer's disease (Parsons and
Raymond, 2014). It has also been reported that the levels of NAAG in
these diseases are altered, and the brains of affected individuals show ev-
idence of widespread loss of NAAG-positive neurons (Jaarsma et al.,
156
1994; Passani et al., 1997). Hence, NAAGmay not only be therapeutically
beneficial in the treatment of ischemic events, but may also play an im-
portant role in neurodegenerative disorders by decreasing the activity
of GluN2B-containing extrasynaptic NMDARs. Therefore, neuroprotec-
tive therapies should aim to both enhance the effect of synaptic activity
and disrupt extrasynaptic NMDAR-dependent death signaling.

The mechanism of action of NAAG on NMDARs remains unclear,
however, its effect may be allosterically modulated. An allosteric mech-
anism would allow for subunit-specific modulation of NMDARs, as well
as a pH-dependent effect on its function (Mony et al., 2009a; Zhu and



Fig. 9. Schematic diagram summarizing the effect of NAAG on NMDARs in various conditions. (A) In physiological pH (7.2), NAAG increases the activity of synaptic GluN2A-containing
NMDARs and inhibits extrasynaptic GluN2B-containing NMDARs. (B) In low pH (6.8), NAAG inhibits synaptic GluN2A-containing NMDAR EPSCs, while further inhibiting extrasynaptic
GluN2B-containingNMDAR EPSCs. The presence ofNAAG in lowpHconditions also upregulates the surface expression of synapticNMDARs.When the pH is brought back to 7.2 (washout)
following a period of acidity, there is an increase in synapticNMDAREPSC as compared to control. In this setting, similar to a reperfusion scenario, NAAGwould be capable of overactivating
the upregulated synaptic GluN2A-containing NMDARs, while maintaining its inhibitory effect on extrasynaptic GluN2B-containing NMDARs.
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Paoletti, 2015). Ifenprodil is a subunit-selective allosteric inhibitor of
GluN2B-containing NMDARs (Williams, 1993). Additionally, ifenprodil
modifies proton sensitivity and alters NMDAR function by shifting the
pKa of the proton sensor (Mott et al., 1998). The proton sensor is closely
associated to the gating mechanism of NMDARs (Tang et al., 1990; Low
et al., 2003; Banke et al., 2005; Chang and Kuo, 2008) and a change in its
sensitivity to protons is a common downstream mechanism of several
NMDAR allosteric modulators (Traynelis et al., 1995; Mott et al., 1998;
Choi and Lipton, 1999; Low et al., 2000). Our study indicates that the in-
teraction between NAAG and NMDARs is subunit-specific and likely
linked to the proton sensor, therefore pointing to an allosteric mecha-
nism. There are a number of possible mechanisms by which NAAG can
affect NMDARs in situations of altered pH. NAAG could potentially act
by enhancing the NMDAR sensitivity to proton inhibition by inducing
a conformational change within the receptor. This speculation of the
possible interaction between NAAG and NMDARs is supported by our
inability to washout the effect of NAAG in our experiments, possibly
due to a long lasting effect. This lack of washout has similarly been ob-
served in other studies utilizing NAAG (Sanabria et al., 2004; Bergeron
et al., 2007; Walder et al., 2013). However, we cannot exclude the
possibility that protons may directly affect the binding site of NAAG
on NMDARs, thereby modifying the coupling between binding of
NAAG and inhibition of NMDAR channel gating. In this case, if NAAG
were directly binding toNMDARs, the lack ofwashout could be attribut-
ed to a slow dissociation rate. Identifying how pH and NMDAR subunit
composition affects the regulation of NMDARs by NAAG is vital, not
only from a physiological standpoint, but also from a pharmacological
perspective.

GluN2A- and GluN2B-containing NMDARs are regulated indepen-
dently depending on synaptic activity (Shipton and Paulsen, 2014). In-
terestingly, it has been shown that blocking NMDARs upregulates
GluN2A-containing NMDARs, whereas GluN2B-containing NMDARs
are not affected (von Engelhardt et al., 2009). In agreement with this
study, we show that the inhibitory effect of NAAG at low pH results in
a drastic increase in surface expression of GluN2A- but not GluN2B-
containing NMDARs, suggesting a more complex role of NAAG in the
regulation of NMDARs. Our findings provide insight into the dual role
of NAAG on NMDARs during an ischemic event in which it can inhibit
15
extrasynaptic GluN2B-containing NMDAR-dependent death signaling,
while up-regulating GluN2A receptors and enhancing their activity.
Although this population of increased GluN2A-containing NMDARs
would remain inactive at low pH as shown in our results, we propose
that they may contribute to the neuroprotective effect of NAAG follow-
ing reperfusion. In this scenario, reperfusion of the ischemic region and
return to a physiological extracellular environment (pH 7.2) would
allow NAAG to activate the upregulated GluN2A-containing NMDARs
to mediate pro-survival signals, while maintaining its inhibitory effect
on the pro-death GluN2B-containing NMDARs (Fellman and Raivio,
1997; White et al., 2000).

To address the challenges of stroke prevention or treatment, it
would be beneficial to identify a prophylactic drug for those at risk,
since early drug administration has been shown to be neuroprotective
in animal models of ischemia. Demonstrating that the potency of
some compounds, such as NAAG or 2-PMPA, is increased at lower pH,
provides an interesting pharmacological avenue. The new information
provided here can be used for future studies aimed at the synthesis of
GCP-II inhibitors that are inactive at physiological pH but become ther-
apeutically effective in the acidic environment that arise in pathological
conditions. The results of this study reveal a modulatory effect of NAAG
on NMDARs depending on protons aswell as NMDAR subunit composi-
tion and localization, and highlight a novel aspect of the function of
NAAG. Since rodents and humans share similar NMDAR expression pat-
terns, as well as pH regulation (Law et al., 2003; Casey et al., 2010;
Orlowski et al., 2011), it is plausible that NAAG can induce comparable
effects in both. Altogether, these findings suggest NAAG as a valuable
therapeutic agent in the treatment of ischemic events.
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Acidosis overrides oxygen deprivation to maintain
mitochondrial function and cell survival
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Richard Bergeron1,3, Sean P. Cregan2, Mary-Ellen Harper4, David S. Park1 & Ruth S. Slack1

Sustained cellular function and viability of high-energy demanding post-mitotic cells rely on

the continuous supply of ATP. The utilization of mitochondrial oxidative phosphorylation for

efficient ATP generation is a function of oxygen levels. As such, oxygen deprivation, in

physiological or pathological settings, has profound effects on cell metabolism and survival.

Here we show that mild extracellular acidosis, a physiological consequence of anaerobic

metabolism, can reprogramme the mitochondrial metabolic pathway to preserve efficient ATP

production regardless of oxygen levels. Acidosis initiates a rapid and reversible homeostatic

programme that restructures mitochondria, by regulating mitochondrial dynamics and cristae

architecture, to reconfigure mitochondrial efficiency, maintain mitochondrial function and cell

survival. Preventing mitochondrial remodelling results in mitochondrial dysfunction,

fragmentation and cell death. Our findings challenge the notion that oxygen availability is a

key limiting factor in oxidative metabolism and brings forth the concept that mitochondrial

morphology can dictate the bioenergetic status of post-mitotic cells.
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L
ong-term survival of post-mitotic cells, which have a limited
regenerative capacity, is essential to ensure continued
biological function of an organism. In recent years, it has

become apparent that the decline of post-mitotic cells, during
aging, neurodegenerative diseases and ischemic disorders,
is generally associated with mitochondrial dysfunction1,2.
Mitochondria are essential organelles for energy production,
regulation of signalling cascades and cell death3. These organelles
form a dynamic interconnecting network through continuous
cycles of fission and fusion events4. The regulation of
mitochondrial morphology is closely coupled to cell survival
and metabolic adaptation during stress5–7. For example, aberrant
mitochondrial fission has been observed in many disease and
injury models and considered a key contributor to mitochondrial
dysfunction and cell death8–10. In these settings, inhibition of
mitochondrial fission or enhancing mitochondrial fusion restores
cell viability11–14. These observations highlight the importance
in the regulation of mitochondrial dynamics as a strategy to
promote cellular survival.

A common characteristic of high-energy-demanding post-
mitotic cells, such as neurons, muscle and cardiomyocytes, is their
dependence on a continuous supply of energy for sustained
cellular function and viability. For this reason, contemporary
eukaryotic cells are highly dependent on oxygen and functional
mitochondria for the efficient generation of ATP through
oxidative phosphorylation15,16. In this context, it can be
appreciated how limitations in oxygen availability, or hypoxia,
have profound physiological effects. Low oxygen levels cause
major changes in mitochondrial structure and dynamics,
ultimately leading to defective mitochondrial function, reduced
ATP supply and activation of cell death pathways17–19.
Importantly, a defective mitochondrial function induced by
hypoxic stress is observed in diverse complex disorders such as
type-2 diabetes mellitus, Alzheimer’s disease, cardiac and brain
ischemia/reperfusion injury and tissue inflammation17. The fate
of post-mitotic cells subjected to physiological or pathological
settings of hypoxia is thus entirely reliant on their ability to
respond and adapt to changing environments and stress
conditions. Consequently, understanding oxygen sensing and
response mechanisms in cells and tissues has been at the forefront
of research for many years with the aim of exploiting adaptive
strategies to promote cell survival.

An essential and often neglected aspect of hypoxia is the
accumulation of lactic acid as the end product of glycolysis.
Excess Hþ ions resulting from an increased glycolytic rate are
pumped outside the cell, inevitably causing acidification of the
extracellular milieu. Physiological levels of acidosis in regions
subjected to limited oxygen availability, such as the ischemic
penumbra following a stroke, can range within the pH values of
6.0–6.5 depending on the severity of the insult20–22. A long-
standing debate in biology is the effect of acidosis on cell survival.
Although extracellular acidosis is historically viewed as a mere
toxic byproduct of fermentation that is detrimental to cells, it is
now clinically recognized as a protective agent when present at
mild levels (pH 6.5 and above)21,23–35. In this regard, although
several reports have clearly demonstrated the protective nature of
mild acidosis, the underlying molecular mechanisms are still
poorly understood. Furthermore, the role of mitochondria, being
central to cell survival and death, has surprisingly never been
addressed in this perspective. Here we show the unexpected
observation that mild acidosis triggers massive morphological
reorganization of mitochondria in post-mitotic cells, triggered
by a dual programme that both activates fusion and cristae
remodelling while inhibiting mitochondrial fragmentation.
Activation of this reversible homeostatic programme
reconfigures mitochondrial bioenergetics to allow for the

persistence of efficient ATP production through oxidative
phosphorylation despite oxygen limitations. Our work reveals a
novel and physiological mechanism that can control the
metabolic status of cells and protect mitochondrial-reliant post-
mitotic cells following a hypoxic insult, by reprogramming
mitochondrial morphology and functional efficiency.

Results
Acidosis triggers mitochondrial elongation during hypoxia. As
mitochondria are central in the cell death that is instigated during
hypoxic stress, we investigated mitochondrial morphology in this
setting. Cortical neurons were chosen for these experiments since
they are a major population affected by hypoxic stress and thus
represent a biologically relevant system for the study of adaptive
mechanisms in post-mitotic cells. For our studies, we developed
an in vitro model that mimics the physiological microenviron-
ment found under hypoxic conditions, such as the penumbral
region following an ischemic brain injury. This model recapitu-
lates the low oxygen/glucose environment and takes into account
that ischemic tissues or hypoxic cells normally acidify their
extracellular milieu as a physiological consequence of anaerobic
glycolysis. For this, a low glucose media was buffered in a manner
to accommodate physiological acidification of the extracellular
milieu when neurons are incubated at 1% O2 (termed acidosis-
permissive media (AP)). The control condition utilizes a low
glucose media that maintains a stable neutral pH (pH 7.2)
throughout experimentation (termed standard media (SD)).
Mitochondria from cultured cortical neurons subjected to
hypoxic conditions in a neutral pH environment had severely
fragmented mitochondria as observed through immuno-
fluorescence staining of the outer mitochondrial membrane
protein Tom20 (Fig. 1a and quantified in Fig. 1b). Mitochondrial
fragmentation was observed before signs of cell death or changes
in neuronal morphology (Supplementary Fig. 1). Unexpectedly,
neurons subjected to hypoxia but allowed to undergo physiolo-
gical extracellular acidification (measured pH post experiment
was 6.5) exhibited massive mitochondrial elongation compared
with control (Fig. 1a and quantified in Fig. 1b). Elongated
mitochondria were observed in the cell body of cortical neurons
and spanned along the axons (Fig. 1c). Mitochondrial elongation
was also observed in cultured cerebellar granular neurons (CGNs;
Fig. 1d,e) and in vivo hippocampal slice preparations (Fig. 1f,g),
as well as in differentiated C2C12 myotubes (Supplementary
Fig. 2), suggesting that this is a general phenomenon. Interest-
ingly, acidosis-mediated mitochondrial elongation was not
observed in proliferative cells, such as primary and transformed
mouse embryonic fibroblast cells (MEF), C2C12 myoblasts, Cos7,
HeLa and several cancer cell lines, including MCF-7, A549 and
P19, suggesting that this response is unique to post-mitotic cells
(Supplementary Fig. 2).

The acidosis-dependent alteration in mitochondrial morphol-
ogy is pH-specific and elongation of mitochondria was only
observed at a pH threshold value between 6.65 and 6.45 (Fig. 2a,b
and Supplementary Fig. 3), representing mildly acidic conditions
as observed in physiological settings of hypoxic stress. In contrast,
cells within a neutral (pH 7.2–6.8) or severely acidic (pH 6.0)
extracellular environment during hypoxia exhibited significant
mitochondrial fragmentation (Fig. 2a,b and Supplementary
Fig. 3). Acidosis-mediated mitochondrial elongation is a rapid
process whereby the onset of elongation occurred at about 3-h
post-treatment (Fig. 2c,d and Supplementary Fig. 4). This
opposed the hypoxia-mediated mitochondrial fragmentation that
occurs in neutral conditions beginning 3 h following treatment
(Fig. 2c and Supplementary Fig. 4). In addition, although acidosis
generally occurs as a consequence of increased glycolysis
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during limited oxygen availability, its effect on mitochondrial
morphology was in fact independent of oxygen. Incubation of
cortical neurons in media set to pH 6.5 in the presence of oxygen
(normoxia) resulted in a significant increase in mitochondrial
length compared with control (Fig. 2e). To further confirm the
direct affect of acidosis on mitochondrial length, the contribution
of low glucose levels in the experimental paradigm, which
represents a more physiologically relevant setting, was assessed.
The effect of acidosis on mitochondrial length was not a
consequence of decreased glucose availability since mitochondrial
elongation persisted in the presence of high glucose levels (Fig. 2f
and Supplementary Fig. 5). Thus, mitochondrial elongation in

these settings is directly mediated by acidosis and is not a
consequence of an induced starvation response. This is supported
by the observation that the limited glucose availability in
these experiments was not sufficient to activate autophagy
(Supplementary Fig. 6) such as that observed during complete
glucose starvation, where there is a marked increase in LC3II,
degradation of p62 and loss of outer membrane Tom20 due to
mitophagy (Supplementary Fig. 6). These results demonstrate
that acidosis alone is sufficient to promote mitochondrial
elongation. Acidosis-driven elongation is also a reversible process.
Mitochondria remain elongated regardless of oxygen levels,
confirming that this process is oxygen-independent (Fig. 2g,h
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Figure 1 | Extracellular acidification restructures mitochondria in post-mitotic cells. (a) Representative confocal images of mitochondrial morphology
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neurobasal media. (c) Representative images of mitochondrial morphology, revealed by Tom20 staining, in Tuj1þ cortical neurons at the indicated
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For all images scale¼ 10mm.
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and Supplementary Fig. 7). However, mitochondria revert back to
a fragmented phenotype following neutralization of the extra-
cellular pH both under hypoxic or reoxygenation conditions

(Fig. 2g,h and Supplementary Fig. 7). In fact, the level of
fragmentation following reoxygenation in a neutral context
was very rapid (within 30 min) and was quite severe (Fig. 2h
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and Supplementary Fig. 7). In order to gain insight as to how
extracellular acidosis can relay an intracellular signal to modify
mitochondrial morphology, pH changes within the intracellular
environment were examined. Analysis of intracellular pH
changes using the ratiometric fluorescent indicator BCECF-AM
(Supplementary Fig. 8a) showed that a decrease in extracellular
pH as used in our studies (pH 6.5) was sufficient to cause a
reduction in intracellular pH (Supplementary Fig. 8b) and is
consistent with previous reports showing that intracellular pH
can be modified by the extracellular milieu36,37. Furthermore,
neutralization of the intracellular pH using the Naþ /Hþ
exchanger Monensin (Supplementary Fig. 8c) rapidly reverses
the mitochondrial elongation phenotype that was instigated by
extracellular acidosis (Fig. 2i and Supplementary Fig. 8d,e).
Together, these results demonstrate a pH-dependent regulation
of mitochondrial morphology that is oxygen- and glucose-
independent and is reversible.

Acidosis inhibits DRP1-mediated mitochondrial fission.
Mitochondrial fragmentation is a prominent phenotype during
hypoxic stress conditions as observed here (Figs 1a,b and 2c)
and in previous studies19,38,39. However, physiological
acidification appears to prevent hypoxia-induced mitochondrial
fragmentation. An essential component of the mitochondrial
fission machinery, the dynamin protein DRP1, is a cytosolic
factor that is recruited to mitochondria upon activation40. As
expected, localization analysis of endogenous DRP1 showed a
pronounced increase in mitochondrial-specific DRP1 foci during
hypoxia-neutral conditions that correlate with the observed
increase in fragmentation (Fig. 3a,b). Interestingly, a decrease in
the number of DRP1 foci per unit length of mitochondria was
observed during acidosis (Fig. 3a,b). A decline in mitochondrial
DRP1 during acidosis was not due to changes in total cellular
protein expression of DRP1 (Fig. 3c) but was reminiscent of the
decreased number of mitochondrial DRP1 foci observed in

the presence of the selective inhibitor of DRP1-mediated
mitochondrial fission, Mdivi-1(ref. 41; Fig. 3d). Analysis of
DRP1 protein interactions revealed that in cultured cortical
neurons DRP1 associates with Fis1 but not Mff, two previously
identified DRP1-binding proteins (Supplementary Fig. 9a)42.
Furthermore, immunoprecipitation of endogenous DRP1 at the
onset of mitochondrial elongation by acidosis revealed a
decreased level of interaction between DRP1 and Fis1, a
mitochondrial DRP1-binding protein important for DRP1
recruitment and fission42,43. The decrease in DRP1–Fis1
interaction was similar to what is observed following treatment
with forskolin, an inhibitor of fission through its activation of
PKA-mediated phosphorylation and inhibition of DRP1
recruitment to mitochondria (Fig. 3e and Supplementary
Fig. 9b,d). These data suggest that acidosis inhibits DRP1-
mediated fission during hypoxia. Although PKA-dependent
phosphorylation at Ser637 represents a major regulatory sight
for DRP1 activation44, we did not observe a change in the
phosphorylation status of DRP1 at Ser637. Moreover, inhibition
of the PKA pathway did not affect acidosis-mediated
mitochondrial elongation nor did activation of this pathway
affects mitochondrial morphology during hypoxia (Supplementary
Fig. 9b,d). Furthermore, the phosphorylation status of DRP1 at
Ser616, a common target of DRP1 regulation during oxidative
stress45, was not altered at the time point where mitochondrial
elongation is observed (Supplementary Fig. 9c). Thus, mild
acidosis prevents mitochondrial fragmentation under hypoxic
conditions through the PKA and CDK1/PKCd-independent
regulation of DRP1 activation and recruitment to mitochondria.

Mitochondrial fusion by acidosis depends on the SIMH
pathway. The degree and rate of elongation observed during
acidosis suggested the possibility of a pH-dependent enhance-
ment in mitochondrial fusion activity, in addition to suppression
of the fission pathway. This was tested in live neurons, infected
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with a mitochondrial matrix targeted photo-activatable green-
fluorescent protein (GFP) lentivirus (PA-Oct-GFP), following 3 h
of incubation at pH 7.2 or 6.5 under normoxic conditions,
representing the onset of elongation in the absence of hypoxia-
induced fission. The rate of dilution and spread of the photo-
converted GFP molecules are used as a measure of fusion activity.

Time-lapse imaging of the activated mitochondrial GFP signal
demonstrated an increase in mitochondrial fusion in neurons
subjected to mild acidosis (Fig. 4a,b and Supplementary Fig. 10).
Examination of mitochondrial mass further confirmed that
mitochondrial elongation during acidosis is a result of enhanced
fusion activity rather than increased mitochondrial biogenesis
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since the levels of resident mitochondrial proteins HSP70 and
VDAC were unchanged (Fig. 4c). Mitochondrial elongation
during acidosis does not appear to be activated through increased
expression levels of core fusion proteins OPA1 and MFN1/2 (refs
46–48; Fig. 4d). Moreover, addition of the protein synthesis
inhibitor cycloheximide did not prevent acidosis-mediated
mitochondrial elongation or significantly alter mitochondrial
length during control conditions, suggesting that acidosis may
regulate mitochondrial dynamics at the post-translational level
(Supplementary Fig. 11). To further decipher the molecular
mechanism enabling enhanced fusion activity, we examined the
possibility that acidosis activates the stress-induced mitochondrial
hyperfusion (SIMH) pathway7. We found that removal of the key
molecular components of the mitochondrial fusion machinery
and the SIMH pathway, OPA1, MFN1 and SLP2, rendered
neurons unresponsive to acidosis-induced mitochondrial
elongation in normoxia (Fig. 4e,f). Together, these data
demonstrate that mild acidosis enhances mitochondrial fusion,
requires an intact fusion machinery and suggests a specific role
for the SIMH pathway in the hyperfusion observed by mild
acidosis during hypoxic stress.

Acidosis regulates cristae remodelling during stress. The
internal structures of mitochondria, the cristae, are also dynamic
and can undergo OPA1-dependent remodelling during stress
conditions49,50. OPA1 oligomeric complexes, consisting of both
membrane-bound long (l-OPA1) and soluble short forms
(s-OPA1) of OPA1 in the intermembrane space, have been
associated with inner membrane morphology, tightness of the
cristae junctions, as well as sequestration of Cytochrome c (CytC)
within the cristae46,49,51,52. We found that the relative amount of
s-OPA1 was altered following 6 h of hypoxic treatment (Fig. 4d)
and OPA1-specific oligomeric complexes were disrupted as early
as 1 h after treatment (Fig. 5a and Supplementary Fig. 12).
However, a mild decrease in the extracellular pH during hypoxia
rescued both the levels of s-OPA1 and OPA1 oligomeric
complexes (Figs 4d and 5a). Acidosis also increased OPA1
oligomeric complexes under normoxic conditions (Fig. 5b). This
suggested that acidosis not only changes mitochondrial length
but it may also alter cristae morphology. Examination
of mitochondrial ultrastructure using transmission electron
microscopy (TEM) revealed that mitochondrial ultrastructure,
which is severely disrupted during hypoxia, was preserved by
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acidosis (Fig. 5c–e). During hypoxia-neutral conditions, where
aberrant mitochondrial fragmentation is observed, there is a
severe disruption of mitochondrial ultrastructure leading to a
significant increase in cristae diameter as well as a reduction in
cristae number (Fig. 5c–e). More importantly, a mild decrease in
the pH during hypoxia not only rescued this defect but also
resulted in a significant tightness of the cristae diameter and
increased cristae number, relative to control (Fig. 5c–e). These
data suggest a role for acidosis in cristae maintenance and
remodelling. This was further confirmed through an indirect
examination of cristae remodelling by measuring the degree of
CytC release following an apoptotic stimulus, which can provide
information related to the tightness of the cristae junctions49,53.
Treatment of neurons with Camptothecin (CPT), a DNA-
damaging agent that triggers the apoptotic cell death pathway,
revealed that mitochondrial restructuring by acidosis renders cells
resistant to CytC release (Fig. 5f,g), in the presence of apoptosis
signalling as indicated by BAX activation (Supplementary
Fig. 13). Together, these data demonstrate that mild acidosis
modulates mitochondrial dynamics as well as cristae architecture.
Furthermore, these data suggest that acidosis prevents the
intramitochondrial remodelling, as a result of OPA1 oligomer
destabilization, that is associated with mitochondrial
fragmentation and cell death signalling.

Mitochondrial restructuring protects cells in hypoxia. Several
studies have demonstrated the protective effect of mild acidosis
during ischemic conditions. Importantly, this observation was
recapitulated in our model of ischemia. A significant increase in
cell death is observed in hypoxia under neutral conditions;
however, a physiological decrease in the extracellular pH (pH 6.5)
protects neurons from death (Fig. 6a). Interestingly, acidosis
rendered neurons resistant to other damaging agents such as CPT

(Fig. 6b), suggesting that cells subjected to mild changes in
extracellular pH can sustain survival under different modes of
stress. The observation that mild acidosis in our system also
promotes mitochondrial remodelling suggests that this may be
the underlying mechanism of cellular protection previously
observed at similar pH levels. To confirm this hypothesis, we
tested neuronal survival during hypoxia–acidosis where we pre-
vented the impact of acidosis on mitochondrial dynamics. The
protective effect of acidosis was reversed in the absence of the
essential fusion machinery. Acute RNA interference-mediated
loss of OPA1 expression or genetic ablation of MFN1 prevented
acidosis-mediated mitochondrial elongation (Fig. 4e,f) and was
sufficient to increase cell death during hypoxia even in the pre-
sence of acidosis (Fig. 6c,d). Moreover, overexpression of the
mitochondrial fission protein DRP1, in wild-type neurons,
resulted in a significant increase in cell death during hypoxia–
acidosis (Fig. 6e). These data demonstrate that the restructuring
of mitochondria during stress is a major player in the protective
effect of mild acidosis.

Reprogrammed mitochondria maintain ATP production
in hypoxia. A prominent response to cellular hypoxic stress is
mitochondrial fragmentation, and loss of mitochondrial mem-
brane potential and dysfunction17,19. Since acidosis prevents
hypoxia-induced mitochondrial fragmentation and cell death, we
wanted to investigate the status of mitochondrial integrity and
function. We found that mild acidosis maintains mitochondrial
membrane potential during hypoxia (Fig. 7a, and Supplementary
Fig. 14). Maintenance of mitochondrial membrane potential
requires a protonmotive force that is generated by the electron
transport chain through respiration or, in pathological situations,
by ATP hydrolysis via the F1F0-ATPase (ATP synthase). A highly
polarized membrane potential suggests that either mitochondrial
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respiratory function was preserved by mild acidosis or that the
membrane potential was maintained by the reversal of the ATP
synthase, which would result in ATP consumption. Interestingly,
total ATP levels were sustained for an extended period in hypoxia
if cells underwent physiological acidification (Fig. 7b), suggesting
that ATP hydrolysis by the ATP synthase was not a central
contributing factor in maintaining membrane potential.

It is well established that mitochondrial function and
the generation of ATP through oxidative phosphorylation
(OXPHOS) is impaired during hypoxic conditions, causing cells
to shift to anaerobic glycolysis54. Although this shift in
metabolism is important for cell survival during acute hypoxic
stress, glycolysis represents a much less efficient mode of ATP
production, and over the long run it is reasonable to conceive
how this can pose an energy deficit in high-energy-demanding
cells such as neurons. The remodelling of mitochondria, as well as
maintained membrane potential and ATP levels by acidosis, led
us to postulate that acidosis may also preserve mitochondrial
function during hypoxic conditions. Intriguingly, we found

that addition of oligomycin, an ATP synthase inhibitor that
blocks mitochondrial ATP production, resulted in a significant
depletion, of B90%, in total ATP levels during hypoxia–acidosis
conditions, to the same extent as that observed during normoxia
(at pH 7.2 and 6.5; Fig. 7c). This is in contrast to what is observed
under hypoxia-neutral conditions whereby oligomycin treatment
following short-term hypoxia (6 h) results in only about 50%
decrease in ATP levels, suggesting the use of a non-mitochondrial
ATP production pathway (that is, glycolysis). Preventing
mitochondrial fusion and disrupting cristae structure during
acidosis, through acute loss of OPA1 expression, resulted in
decreased oligomycin-sensitive ATP depletion at pH 6.5 (Fig. 7d).
The increased level of ATP depletion in wild-type neurons,
observed in the presence of oligomycin during acidosis, was not
due to an elevation in ATP utilization since arrest of both ATP
production pathways using 6-deoxyglucose (6-DOG; glycolysis
inhibitor) and oligomycin showed a similar rate of ATP
consumption over time during hypoxia at pH 7.2 and 6.5
(Fig. 7e). Given that an increase in consumption cannot account
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for the significant depletion of ATP in the presence of oligomycin,
this suggests that cells in acidosis rely less on the glycolytic ATP
generation pathway and supports the idea that acidosis

preserves mitochondrial function and sustains OXPHOS during
hypoxia. This observation was quite surprising considering that
oxygen availability is historically viewed as a limiting factor
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for mitochondrial ATP generation through mitochondrial
respiration. More importantly, a pH-dependent shift in the
bioenergetic status of neurons was observed over time, whereby
cells in hypoxia at pH 7.2 relied increasingly on oligomycin-
insensitive ATP production (that is, glycolysis) while neurons
allowed to undergo physiological acidification relied on
mitochondrial-dependent ATP production (Fig. 7f). Thus,
acidosis sustains efficient mitochondrial ATP production during
prolonged hypoxia (Fig. 7f).

An alteration in the metabolic profile of cells in hypoxia–
acidosis implies an adaptation of the electron transport chain
(ETC) components to maximize mitochondrial efficiency during
limited oxygen availability. Several studies have reported the
adverse effect of hypoxia on the expression and activity of ETC
complexes as well as supercomplex disassembly55,56. Expression
analysis of subunits encompassing the ETC complexes during
acute hypoxia revealed maintained expression of Complex I
subunit NDUFA9 as well as ATP synthase subunit ATP5a by
mild acidosis (Supplementary Fig. 15). Blue native PAGE
(BN-PAGE) analysis of the respiratory chain complexes showed
a destabilization of the monomeric ATP synthase multiprotein
complex during hypoxia, which is rescued by acidosis (Fig. 8a,b).
Only a minor proportion of the ATP synthase is present in its
dimeric form in neurons used during our experiments (Fig. 8c
and Supplementary Fig. 16). Nonetheless, longer exposure
of BN-PAGE from whole cells or BN-PAGE performed on
isolated mitochondria revealed a higher molecular weight band
corresponding to dimeric forms of the ATP synthase
predominantly in hypoxia–acidosis conditions (Fig. 8c,d and
Supplementary Fig. 16), indicating a distinct rise in the stability
of the enzyme superassembly. The individual multiprotein
complexes of the ETC can further associate into super-
complexes, known as respirasomes57,58. It has been proposed
that supercomplex assembly could stabilize the single complexes,
enhance the electron flow between complexes and limit
generation of oxygen radicals59–63. In addition, a distinct role
for cristae shape has been recently shown to affect supercomplex
assembly and respiratory efficiency64. Examination of higher
order respiratory complex assembly by BN-PAGE showed a
distinct reorganization of Complex I-containing supercomplexes
by acidosis regardless of oxygen levels (Fig. 8e), resulting in loss of
monomeric complex I and enhanced supercomplex assembly
(complex I supercomplex:monomer ratio; Fig. 8h), as well as an

increase in the relative levels (Fig. 8f). Detailed analysis of the
respiratory supercomplexes showed maintained assembly of
Complexes 1, III and IV into supercomplexes in the
presence of acidosis during hypoxic conditions (Fig. 8g,h). We
hypothesized that the acidosis-mediated changes to the OXPHOS
complexes would be accompanied by an enhancement in the
respiratory capacity of mitochondria. To test this hypothesis, the
bioenergetic profile of mitochondria was assessed in intact
neurons exposed to normoxic conditions at pH 7.2 and 6.5.
First, basal cellular and mitochondrial oxygen consumption rate
(OCR) was similar in both conditions (Fig. 8i,j). Next, the
mitochondrial respiration capacity was determined using the
uncoupler FCCP, which stimulates maximal mitochondrial
respiration by dissipating the mitochondrial membrane
potential. We found that acidosis significantly enhances the
ability of mitochondria to increase their maximal respiratory
capacity (Fig. 8i,j). In addition, analysis of mitochondrial reserve
capacity, which signifies the ability of mitochondria to further
engage in the production of ATP through OXPHOS, revealed a
significant increase at pH 6.5 (Fig. 8i,j). These data coupled with
data obtained from ATP studies provide evidence that acidosis
maintains mitochondrial function during hypoxic stress. This is
achieved through an adaptive reprogramming of mitochondrial
respiratory efficiency that occurs as a result of changes in the
mitochondrial ultrastructure and cristae shape, respiratory
supercomplex assembly and maintenance of monomeric ATP
synthase.

Discussion
The ability of post-mitotic cells to adapt and survive physiological
or pathological stress, such as that imposed by oxygen
deprivation, has been a long-standing question in biology. Here
we report that mild extracellular acidosis, a biological conse-
quence of anaerobic metabolism during hypoxia, restructures the
mitochondrial network as an adaptive mechanism to enhance
mitochondrial function and promote cellular survival. Mitochon-
drial remodelling by acidosis, through the activation of a dual
programme that modulates mitochondrial dynamics and archi-
tecture, represents a novel and physiological pathway that
sustains mitochondrial integrity and ATP production despite
oxygen limitations. Preventing this reversible and homeostatic
process results in mitochondrial dysfunction, fragmentation and
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cell death. We provide a mechanism underlying the protective
nature of mild acidosis, identify a novel physiological regulator of
mitochondrial dynamics in post-mitotic cells and propose a role
for mitochondrial morphology in the bioenergetic status of cells.

Survival of post-mitotic cells is highly dependent on a sufficient
supply of energy to uphold the exhaustive demands incurred by
complex molecular networks. The switch to anaerobic metabo-
lism, albeit a critical cellular metabolic adaptation of hypoxic
cells, cannot compensate for the loss of mitochondrial respiration
during prolonged hypoxia54,65,66. As a result, cells faced with
prolonged hypoxia will inevitably endure energy failure and cell
death if not counteracted with an increase in energy supply. Data
presented here demonstrate that post-mitotic cells have evolved a
rapid and reversible mechanism to uphold efficient ATP
production, via mitochondrial remodelling, that is regulated by
acidosis. This is, to our knowledge, the first ascribed function
for this metabolic product of anaerobic respiration historically
associated with clinical resistance during ischemic insults.
We propose a model whereby a threshold accumulation of
extracellular protons, acquired through an initial increase in the
glycolytic rate during hypoxia, would relay a signal back to
mitochondria, potentially via changes in intracellular pH, in order
to modulate mitochondrial bioenergetics (Fig. 9).

In recent years, mitochondrial structure and dynamics have
emerged as a fundamental aspect for biological life. Our work
further highlights this concept in demonstrating the protective
nature of mitochondrial restructuring during stress. In addition,
we provide a link between mitochondrial morphology and cristae
architecture with the metabolic state of cells. The data presented
in this study suggest that mitochondrial remodelling can instigate
a systemic reconfiguration of mitochondrial efficiency to extract
more ATP per oxygen molecule. In essence, acidosis-mediated
reorganization of mitochondrial efficiency can override oxygen
limitations and allow for the persistence of mitochondrial
respiration in an anaerobic environment. This observation refines
the well-established role of oxygen as a limiting factor for
oxidative phosphosphorylation and puts forth the idea that
mitochondrial reprogramming can dictate the bioenergetics of the
cell. In view of these findings, the capability of post-mitotic cells
to sense and adapt to anaerobic conditions by inducing anaerobic
mitochondrial respiration should emerge as a central research
theme in the study of physiological and pathological situations
that relates to oxygen and energy homeostasis.

Methods
Mice, primary neuronal cultures and cell lines. To generate dorsal
telencephalon-specific MFN1 conditional mutant mice, floxed MFN1 (Jackson
Laboratories) and Emx1-cre heterozygous females were bred with floxed MFN1
homozygous and MFN2 heterozygous males. Telencephalon-specific SLP2 condi-
tional mutants were generated by breeding floxed SLP2 homozygous females with
Foxg1-cre male mice (provided by Dr Sean Cregan). Cortical neurons were cultured
from CD1 wild-type female and male mice (Charles River) and MFN1 or SLP2
conditional knockout mice at embryonic day 14.5 or 15.5 (ref. 67). CGNs were
cultured from CD1 mice at postnatal day 7 or 8 (ref. 13). All experiments were
approved by the University of Ottawa’s Animal Care ethics committee adhering to
the Guidelines of the Canadian Council on Animal Care. Neurons were maintained
in culture for 3–5 days before experimentation. MCF-7 breast carcinoma, A549
lung carcinoma, P19 embryonic teratocarcinoma, Cos7 African green monkey
kidney fibroblasts, HeLa and C2C12 myoblasts were obtained from ATCC
(Manassas, VA, USA). Primary and transformed MEFs were generated from CD1
mice on embryonic day 13.5. In vitro differentiation of C2C12 myoblasts into
multinucleated mytotubes was performed by replacing fetal bovine serum
(FBS)-containing DMEM with DMEM containing 2% horse serum when
myoblasts were at 80% confluency. Media were changed every second day for
about 7 days until multinucleated myotubes were formed.

Cell culture. The plating density for each cell population was chosen to optimize
the rate of physiological extracellular acidification during hypoxic conditions.
Cortical neurons and CGNs were seeded on plates (with or without coverslips)
coated with 0.01 mg ml� l poly-D-lysine (BD Bioscience) for all experiments.

Cortical neurons were plated onto four-well plates, 35- and 60-mm dishes with
4.0� 105, 3.0� 106 and 9.0� 106 neurons, respectively, and maintained in Neu-
robasal media (Gibco) that contained 2% B27 (Gibco), 1% N2 (Gibco), 0.6 mM
L-glutamine (Gibco) and 1% Pen-Strep (Sigma). CGNs were plated in four- or
12-well plates with 4� 105 and 8� 105, respectively, and maintained in DMEM
(Wisent Inc.) that contained 10% dialysed FBS (Sigma), 25 mM KCl, 2 mM glu-
tamine (Invitrogen), 25 mM glucose and 0.1 mg ml� l gentamycin (Sigma). MCF-7
and MEFs were plated in 35-mm dishes with 7� 105 cells and maintained in
DMEM containing 5% FBS and 1% Pen-Strep. All cells were maintained at 37 �C
under 5% CO2 environment until experimentation. Hypoxia was achieved by
incubation in a hypoxic chamber at 37 �C under a 1% O2, 5% CO2 and N2-balanced
atmosphere. Acidosis experiments were conducted as previously described68, with
modifications. For acidosis experiments mimicking physiological conditions, SD or
AP media was utilized. Buffer-free and low glucose (5.5 mM) medium (DMEM;
Gibco) was freshly prepared and supplemented with B27 and N2 for post-mitotic
neurons or 5% FBS for replicating cells. The level of physiological acidification of
the extracellular environment is proportional to the cell density and the buffering
capacity of the media. NaHCO3 was added at 10 mM (post-mitotic cells) or 35 mM
(replicating cells) and the pH was adjusted with HCl to 7.2 (SD media) or 6.5
(AP media). Air was bubbled into both media at 22 �C, which stabilizes the pH at
7.2. Culture media were aspirated and cells were washed � 2 in buffer-free low
glucose DMEM to remove all traces of highly buffered culture media. Cells were
then placed in AP or SD media. AP media slowly reverted to its original set pH
under hypoxia, whereas the SD medium remained at pH 7.2. For acute acidosis
experiments in hypoxia or normoxia, 30 mM of MES was used as a buffer and the
pH was set and stabilized at the required value.

Viruses and materials. Recombinant adenoviral vectors carrying the DRP1-YFP
or GFP expression cassette were prepared using the AdEasy system12. Lentivirus
vectors carrying photoactivable GFP-ornithine carbamyltransferase (PA-GFP-Oct),
Mito-DsRed, shRNA scramble control (shCtr sequence; 50-CAACAAGATGAAG
AGCACCAA-30), and mouse-specific short-hairpin RNA (shRNA) OPA1
(shOPA1 sequence; 50-GCCTGACTTTATATGGGAAAT-30) were prepared using
the ViraPower lentiviral expression system (Invitrogen)13. For lentiviruses and
adenoviruses, neurons were transduced with 2 MOI (multiplicity of infection) or
50–100 MOI, respectively, at time of plating. For all experiments using viruses,
neurons were infected with adenovirus or lentivirus for 72 h before
experimentation. Oligomycin (10mM), 6-deoxyglucose (6-DOG, 6 mM),
cycloheximide (100 mg ml� l), CPT (20 mM), mdivi-1 (50mM), H89 (20 mM),
forskolin (25 mM) and Monensin (1 mM) were used where indicated.

Immunofluorescence. Cells seeded on coverslips were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature. Primary antibodies
used were Tom20 (Santa Cruz; 1:100), Tuj1 (Covance; 1:10,000), MAP2 (Novus
Biologicals; 1:200), NeuN ( Millipore; 1:1,000), DLP1 (BD Biosciences; 1:100),
Cytochrome c (BD Biosciences; 1:100) and Bax (Santa Cruz, 1:100). Cells were
incubated for 1 h with a primary antibody solution containing 1% bovine serum
albumin (BSA), 0.1% Triton-X-100 in PBS. Cells were washed several times in PBS
before 1-h incubation with a secondary 594 or 488 Alexa (Invitrogen; 1:400).
Hoechst stain 33342 (Sigma) or 40 ,6-diamidino-2-phenylindole (DAPI) was added
to visualize nuclei and coverslips were mounted using Immunomount (Thermo
Scientific).

Immunohistochemistry. Coronal hippocampal slice preparations (200 mm) were
incubated in oxygenated artificial cerebrospinal fluid (ACSF) buffered with PIPES
to pH 7.2 or 6.5 for 4 h. Hippocampal slices were fixed for 20 min with ice-cold 4%
paraformaldehyde in 1� PBS and then rinsed twice with 1� PBS. Slices were
incubated in 10% sucrose and embedded in OCT and then sectioned using a
microtome to 15-mm sections. Sections were stained with primary antibodies
specific to Tom20 and NeuN in 10% normal goat serum-0.1% TritonX/0.1%
Tween-20 in PBS overnight at 4 �C followed by 3� 5 min washes with 1� PBS.
Sections were incubated with secondary antibodies in PBS for 1 h, washed for
5 min, stained with DAPI for 5 min, and then washed with 1� PBS for 3� 5 min.
Slides were mounted using Immunomount (Thermo Scientific). Representative
samples were imaged using a Zeiss Axiovert 100 (Oberkochen, Germany) confocal
microscope equipped with a QiCam Digital camera (QImaging Corporation) and
Zen software.

Mitochondrial length. Mitochondrial length was assessed by staining with Tom20
(translocase of outer mitochondria). Mitochondrial length was measured by tracing
the mitochondria using the ImageJ software. Mitochondrial length was either
binned into different categories (o0.5 mm, 0.5–1 mm, 1–2 mm, 42 mm) or taken as
an average.

Intracellular pH measurements. Changes in intracellular pH was determined
utilizing the ratiometric fluorescent intracellular pH indicator BCECF-AM
(Invitrogen). Intracellular pH measurements were performed on cultured cortical
neurons plated in 96-well black microplates that were treated for 6 h in the

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4550

12 NATURE COMMUNICATIONS | 5:3550 | DOI: 10.1038/ncomms4550 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

171

http://www.nature.com/naturecommunications


appropriate experimental media and subsequently loaded with BCECF-AM (1 mM)
for 30–45 min at 37 �C. A dual-excitation ratio of 480 and 440 nm and fixed
emission at 535 nm was used to measure changes in BCECF-AM fluorescence.
Since these experiments were designed to determine the effect of extracellular
acidosis on intracellular pH, the measurements had to be performed while the cells
were maintained in the respective experimental media (that is, media at pH 7.2 or
pH 6.5). For this reason, the use of BCECF-AM was first validated by performing a
calibration curve, using the high Kþ Nigericin technique, to ensure that intra-
cellular changes in pH can be detected in the experimental media. MES-buffered
DMEM media was supplemented with 130 mM KCl and the pH was set to 6.0, 6.5,
7.0, 7.5 and 8.0 using KOH. The media of cells previously loaded with BCECF-AM
(for 30–45 min) was replaced with the high Kþ MES-buffered media supple-
mented with the ionophore Nigericin (Molecular Probes, 10 mM) and incubated for
10 min to allow for equilibration of the intracellular pH with the controlled
extracellular medium. BCECF-AM fluorescence was measured as described above.

Immunoblot. For total cell lysates, cells were washed with PBS, lysed with 4% SDS
in PBS, boiled for 5 min and the DNA was sheared by passage through a 26-gauge
needle. Primary antibodies recognizing Complex I subunit NDUFA9 (Invitrogen;
1:1,000), Complex II 70-KDa Fp subunit (Invitrogen; 1: 10,000), ATP5a (Abcam;
1:1,000), Complex IV subunit 1 (Invitrogen; 1:1,000), Complex III core protein 2
(UQCRC2, Abcam; 1:1,000), DLP1 (DRP1, BD Transduction Laboratories;
1:1,000), Phoso-DRP1 S637 and S616 (Cell Signaling; 1:1,000), Fis1 (Biovision;
1:500), OPA1 (Abcam; 1:1,000), MFN1 and 2 (Abcam; 1:1,000), VDAC (Abcam;
1:1,000), mitochondrial heat-shock protein 70 (mtHSP70, Thermo Scientific;
1:5,000) and Actin (Santa Cruz; 1:1,000) were used. A secondary antibody
conjugated to horseradish peroxidase (Jackson ImmunoResearch) was used and
detected using Western Lightning Chemiluminescence Reagent Plus (Perkin
Elmer). Representative full-gel bots are shown in Supplementary Fig. 17.

Immunoprecipitation. Cells were lysed in RIPA buffer (50 mM Tris (pH 7.2),
150 mM NaCl, 10% NP40 and 1 mM sodium orthovanadate with a protease
inhibitor cocktail (PIC)). Cell lysates were incubated with anti-DRP1 antibody
(BD Transduction Laboratories) for 1 h while tumbling at 4 �C, followed by
overnight incubation with Sepharose A/G beads blocked in 2% BSA. Beads were
washed 4� in 1� Tris-buffered saline and eluted by boiling at 95 �C for 4 min.

Time-lapse imaging and mitochondrial fusion assay. Cortical neurons were
seeded on 35-mm dishes with coverslip bottoms (MatTek) coated with poly-D-
lysine (VWR International) and infected with 2 MOI of the photoactivable
GFP tagged to ornithine carbamyltransferase (PA-GFP-Oct) and Mito-DsRed.
Following 2-h incubation in MES-buffered media at pH 7.2 or 6.5, plates were
mounted in a temperature-controlled chamber (37 �C) and visualized with an
LSM-510 confocal laser-scanning microscope (Axiovert 200), with a � 63 oil
immersion objective. Mitochondrial fusion assays were performed as described
previously with modifications13. Briefly, PA-GFP-Oct was first pre-imaged and
scanned to ensure that there is no spontaneous activation. PA-GFP-Oct was then
photoactivated with a 405-nm laser and the spreading of the signal was imaged
every 2 min using a 488-nm line for a total of 22 min. Mito-DsRed was excited at
543 nm and was used a guide to ensure that the ROI for PA-GFP-Oct activation
was within the mitochondria. The fusion rate was expressed as a relative measure of
pixel intensity at the indicated time over that at t¼ 0 min (where 0 min represents
the signal detected after 2 min of photoactivation and equilibration of GFP signal).

OPA1 crosslinking. In vivo crosslinking reactions were performed at 37 �C with
10 mM BMH crosslinker (Fisher Scientific) for 20 min. Reactions were terminated
by adding 0.001% b-mercaptoethanol. Cells were lysed following crosslinking, and
analysed by gradient gel electrophoresis using NuPAGE Novex 3–8% Tris-acetate
gradient gels (Life Technologies), followed by western blotting against OPA1.

(TEM) and cristae analyses. Mitochondrial ultrastructure was analysed from
whole cells of cultured cortical neurons following 6-h treatment in the appropriate
conditions. Briefly, plated neurons were rapidly washed in PBS and harvested by
scraping very lightly. Neurons were fixed in 2% gluteraldehyde for 20 min at
room temperature and stored immediately at 4 �C for processing as previously
described69. Cristae analysis was performed using ImageJ and a minimum of
100 mitochondria were analysed. For each individual cristae, the average diameter
was measured from three representative regions.

Cytochrome c release. Neurons were treated with 20 mM CPT for the indicated
times, fixed and stained with cytochrome c and Tom20-specific antibodies. For
each replicate, a total of 100 neurons were counted from three to five different
fields using a Zeiss 510 meta confocal microscope. A diffused cytochrome c staining
or complete lack of staining was identified as release.

Cell viability assay. Following 30 h of incubation under the indicated conditions,
cells were subjected to a live–dead assay (Invitrogen) by staining with calcein (live

cells) and ethidium homodimer-1 (dead cells) for 10–15 min at 37 �C. In each
replicate, three to five different fields were randomly chosen and imaged per
treatment group. Cell death was expressed as a percentage of total cells. Calcein and
ethidium homodimer-1 dyes are unaffected by pH as neutralization of an acidic set
or acidification of a neutral set immediately before addition of the dyes yielded the
same results.

Mitochondrial membrane potential. Neurons were seeded in 96-well black
microplates. Following the appropriate treatment, 50 nM TMRE was added and
cells were incubated for 30 min at 37 �C under normoxia (control) or hypoxia.
FCCP (1mM) was added to the appropriate wells 10 min before addition of TMRE.
Neurons were washed in PBS and TMRE fluoresence was measured in a plate
reader at Ex 510 nM an Em 590 nM.

ATP assay. ATP concentrations were measured with the CellTiter-Glo
Luminescent Assay (Promega) using a LUMIstar Galaxy luminometer (BMG
Labtechnologies) according to the manufacturer’s protocol. Data were collected
from multiple replicate wells for each experiment. Viability of cells under all
conditions was ensured by PI staining.

Blue-native PAGE. ETC supercomplexes and ATP synthase assembly were
analysed from whole cells or isolated mitochondria70. For whole cells, following the
indicated treatments, cells were harvested in PBS on ice, pelleted at 960 g for 5 min
at 4 �C. For isolated mitochondria, cells were washed with PBS and lysed in
mitochondrial isolation buffer (200 mM mannitol, 70 mM sucrose, 10 mM HEPES,
pH 7.4, 1 mM EGTA, PIC 1:1,000) on ice using a 25-G needle. Following
centrifugation at 110 g for 9 min to remove nuclei and cellular debris, the
supernatant was centrifuged at 8,600 g for 9 min to pellet mitochondria. This
differential centrifugation step was repeated to further purify the mitochondrial
fraction. For BN-PAGE analysis, pellets of whole cells or isolated mitochondria
were resuspended in digitonin extraction buffer (50 mM imidazole/HCl pH 7.0,
50 mM NaCl, 5 mM 6-aminohexanoic acid, 1 mM EDTA and the appropriate ratio
of digitonin). A 1% digitonin ratio was used for Complex-1 and supercomplexes,
and 2% was used for ATP synthase assembly. One hundred fifty micrograms were
loaded with 5% glycerol and 1:10 dye:digitonin ratio of coomassie dye in 500 mM
6-aminohexanoic acid on 3–13% large acrylamide gradient gels. Gels were
transferred to nitrocellulose membranes and the resulting membranes were
subjected to immunoblotting.

Oxygen consumption. The Seahorse XF24 Extracellular Flux Analyzer (Seahorse
Biosciences; North Billerica, MA, USA) was used to measure oxygen consumption
in cells. Cortical neurons were seeded onto 24-well Seahorse plates at a density of
1.5� 105 cells per well. Following treatment, cells were washed with modified
Kreb’s Ringer Buffer (128 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 MgSO4,
25 mM CaCl2, 0.1% BSA (fatty acid-free), 10 mM glucose and 1 mM sodium
pyruvate, pH 7.4) and placed in Kreb’s Ringer Buffer for 15 min at 37 �C before
loading into the XF Analyser. Following mesurements of resting respiration, cells
were treated sequentially with the following: oligomycin (0.2 mgml� l), to measure
the nonphosphorylating OCR; FCCP (1 mM), to get the maximal OCR; and anti-
mycin A (2.5 mM) and rotenone (1 mM), to measure the extramitochondrial OCR.
Each measurement was taken over a 2-min interval followed by 2 min mixing and
2 min incubation. Three measurements were taken for the resting OCR, three after
oligomycin treatment, two after FCCP and two after antimycin A and rotenone.

Quantification and statistical analysis. For mitochondrial length measurements,
all mitochondria in a field were measured as per condition and a minimum of
1,000 mitochondria were measured for each treatment. For cell death studies, a
minimum of 300 cells per field (minimum five fields) were scored for each
treatment at the indicated time points. The data represent mean values±s.d. from
three independent experiments (n¼ 3) unless otherwise noted. P-values were
obtained using a two-tailed Student’s t-test.
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ABSTRACT Glycine serves a dual role in neurotransmission. It is the primary
inhibitory neurotransmitter in the spinal cord and brain stem and is also an obliga-
tory coagonist at the excitatory glutamate, N-methyl-D-aspartate receptor (NMDAR).
Therefore, the postsynaptic action of glycine should be strongly regulated to maintain
a balance between its inhibitory and excitatory inputs. The glycine concentration at
the synapse is tightly regulated by two types of glycine transporters, GlyT1 and
GlyT2, located on nerve terminals or astrocytes. Genetic studies demonstrated that
homozygous (GlyT12/2) newborn mice display severe sensorimotor deficits character-
ized by lethargy, hypotonia, and hyporesponsivity to tactile stimuli and ultimately die
in their first postnatal day. These symptoms are similar to those associated with the
human disease glycine encephalopathy in which there is a high level of glycine in
cerebrospinal fluid of affected individuals. The purpose of this investigation is to
determine the impact of chronically high concentrations of endogenous glycine on
glutamatergic neurotransmission during postnatal development using an in vivo
mouse model (GlyT11/2). The results of our study indicate the following; that
compared with wild-type mice, CA1 pyramidal neurons from mutants display signifi-
cant disruptions in hippocampal glutamatergic neurotransmission, as suggested by a
faster kinetic of NMDAR excitatory postsynaptic currents, a lower reduction of the
amplitude of NMDAR excitatory postsynaptic currents by ifenprodil, no difference in
protein expression for NR2A and NR2B but a higher protein expression for PSD-95,
an increase in their number of synapses and finally, enhanced neuronal excitability.
Synapse 65:1181–1195, 2011. VVC 2011 Wiley-Liss, Inc.

INTRODUCTION

Aside from its role in protein synthesis and metabo-
lism, glycine is a well-established inhibitory neuro-
transmitter, particularly in the spinal cord and brain
stem where it activates strychnine-sensitive iono-
tropic glycine receptors (GlyRs) (Legendre, 2001; Betz
and Laube, 2006; Kirsch, 2006). In addition to its
inhibitory function, numerous studies performed in
the last two decades showed that glycine is implicated
in neurotransmission mediated by glutamate, the
major excitatory neurotransmitter in the nervous
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system that acts as a coagonist at the N-methyl-D-
aspartate receptor (NMDAR) (Johnson and Ascher,
1987; Kleckner and Dingledine, 1988; Mayer, Vyk-
licky, and Clements, 1989; Thomson, Walker, and
Flynn, 1989; Gabernet et al., 2005; Bergeron, Meyer,
Coyle, and Greene, 1998; Berger, Dieudonne, and
Ascher, 1998). It is important to mention that several
studies also indicate that D-serine could be the more
important coagonist at NMDAR, particularly in the
hippocampus (Schell, Molliver, and Snyder, 1995).
Similar to other neurotransmitters, glycine gradients

in the nervous system are tightly regulated by special-
ized transmembrane proteins known as glycine trans-
porters (GlyTs) (Smith et al., 1992; Liu et al., 1992;
Zafra et al., 1995; Borowsky,Mezey, and Hoffman, 1993;
Liu et al., 1993; Lopez-Corcuera, Alcantara, Vazquez,
and Aragon, 1993; Guastella et al., 1992; Jursky and
Nelson, 1996; Adams, et al., 1995; Zafra et al., 1995;
Eulenburg, Armsen, Betz, and Gomeza, 2005). These
ion-driven reuptake pumps have two different genes
which code for two GlyT subtypes, GlyT1 and GlyT2
(Borowsky, Mezey, and Hoffman, 1993). The in vivo role
of GlyTs contributes to the overall activity of inhibitory
GlyRs and glutamatergic neurotransmission as
recently demonstrated using genetically altered mice
(Gomeza et al., 2003; Gomeza et al., 2003; Aragon and
Lopez-Corcuera, 2005). Homozygote GlyT1-/- mice die
on their first day of birth (Gomeza et al., 2003; Tsai
et al., 2004) due to over-activation of GlyRs, whereas
heterozygote (GlyT11/2) animals develop relatively
normally but show a disruption in glutamatergic
neurotransmission in the forebrain (Martina et al.,
2005; Gabernet et al., 2005; Yee et al., 2006).
NMDARs play a central role in synaptic transmis-

sion and plasticity (Lau and Zukin, 2007). These
ionotropic receptors, which are gated by glutamate
(Cull-Candy, Brickley, and Farrant, 2001; Papadia
and Hardingham, 2007), incorporate different subu-

nits from a repertoire of three subtypes: NR1, NR2,
and NR3, to form heterotetrameric complexes. There
are eight NR1 splice variants, four NR2 subunits
(A-D), and two NR3 subunits (A and B). The consen-
sus is that NMDARs on CA1 pyramidal cells (CA1
PCs) are tetraheteromers, typically composed of two
glycine-binding NR1 subunits and two glutamate-
binding NR2 subunits (Anson et al., 1998; Waxman
and Lynch, 2005). NR1 is essential for a functional
NMDAR, whereas the identity of the NR2 subunit is
critical in determining many biophysical and pharma-
cological properties of the receptor. Although NR2B is
the predominant subunit at the synapse early in post-
natal development (Monyer et al., 1992; Monyer
Laurie, Sakmann, and Seeburg, 1994; Stocca and
Vicini, 1998), NR2A expression, which produces the
NMDAR current with the fastest kinetics, increases
during the postnatal period (Sans, Petralia, Wang,
Blahos, Hell, and Wenthold, 2000; Stephenson, 2001).
The purpose of this investigation is to determine

the impact of chronic high levels of glycine on differ-
ent parameters of glutamatergic NMDAR-mediated
neurotransmission during the postnatal development
in the CA1 region of the mouse hippocampus, using
the in vivo mouse model (GlyT11/2).

EXPERIMENTAL PROCEDURES
Genotyping

All mice used for this investigation were back-
crossed at least nine generations to the 129/SvEvTac
background, as previously described (Tsai et al.,
2004). Genotyping of GlyT11/2 mice has been previ-
ously described (Martina et al., 2005; Imamura, Ma,
Pabba, and Bergeron, 2008). Briefly, polymerase chain
reaction (PCR) amplification of genomic DNA was pre-
pared from mouse tissue. Mouse tail samples were
incubated in proteinase K (0.5 mg/ml; Sigma, St.
Louis, MO) at 508C overnight and were centrifuged
(20 min) at 1600 g. The supernatant was then added
to a double volume of isopropanol to precipitate the
genomic DNA. The supernatant was removed and the
DNA was washed with 70% ethanol and allowed to
dry. DNA was resuspended in 300 ll of water of which
1 ll was added to the PCR mixture.
PCR analysis was done using Taq DNA polymerase

(Invitrogen Corporation, Carlsbad, CA). Reaction
products were run on a 1% agarose gel and visualized
using ethidium bromide. Primer sequences (50-30)
were: Primer 1 GCCTTGGGAAAAGCGCCTCC;
Primer 2 CCCCTACTTCATCATGCTGATC; Primer 3
CACCTACCAGTAGTTGCCTT. Cycling conditions
(GeneAmp 2400, Perkin-Elmer, Foster City, CA) were
2 min at 958C followed by 36 cycles at 948C (melting)
for 30 s, 578C (annealing) for 30 s, and 728C (exten-
sion) for 1 min 40 s.

Abbreviations

ACSF artificial cerebrospinal fluid
AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic

acid
APV amino-phosphoro-valeric acid
CNS central nervous system
GABA g-aminobutyric acid
GlyT glycine transporter
GMS glycine modulatory site
IR immunoreactivity
NBQX 1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo[f]quinoxa-

line-7-sulfonamide
NFPS glycine transporter antagonist type 1
NMDAR N-methyl-D-aspartate receptor
PBS phosphate buffer saline
QX-314 N-ethyl bromide
TTX tetrodotoxin
WT wild type mice
EPSC excitatory postsynaptic current
EDTA ethylenediaminetetracetic acid
TBS tris-buffered saline.
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The reaction solution contained Mg21 (1.5 mM),
dNTPs (0.2 mM each), oligonucleotide primers
(0.625 lM for Primer 1 and 0.25 lM for Primer 3),
Taq polymerase (2.5 units), reaction buffer (103; 2 ll),
and 1 ll of solubilized genomic DNA (20 ll final
volume) in distilled water. Each mouse was genotyped
using one reaction as previously shown (Tsai, Ralph-
Williams, Martina et al., 2004). WT mice showed a
single band at 1.3 Kb,reas whe the GlyT11/2 mice had
an additional band at 1.0 Kb.

Electrophysiology

Hippocampal slices preparation

Prior to decapitation, the animals were anesthe-
tized with isofluorane in agreement with the guide-
lines of the Canadian Council of Animal Care. The
brain was removed and placed in the oxygenated
(95% O2 and 5% CO2) artificial cerebrospinal fluid
(ACSF) at 48C containing (mM): 126 NaCl, 2.5 KCl,
1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and
10 glucose. The ACSF solution was adjusted to. an
osmolarity of 300 mOsml/L and the pH adjusted to
7.2. Acute coronal brain slices (300 lm) containing
the hippocampus were obtained from GlyT11/2 and
WT mice at 2, 3, 4, and 8 weeks of age with a
vibrating microtome (Leica VT 1000S, Nassloch,
Germany). The slices were then transferred to a
chamber containing oxygenated ACSF and main-
tained at room temperature for at least 1 h prior to
the recording.

Data recording and analysis

Electrical stimulation of the Schaffer collaterals
with a bipolar microelectrode positioned in the
stratum radiatum evoked postsynaptic responses. The
stimulation was delivered every 12 s with a pulse
duration of 100 ls. The stimulation intensity was
set in order to obtain an NMDAR-mediated excitatory
postsynaptic current (NMDAR EPSC) amplitude
of 30-60 pA at a membrane holding potential of
265 mV.

To minimize the current attenuation of NMDAR
EPSC, we performed voltage-clamp experiments with
pipettes filled with a solution containing (mM) 130 Cs1

methanesulphonate, 10 Hepes, 2 MgCl2, 2 ATP-Mg,
0.5 GTP, 1 lignocaine (lidocaine) N-ethyl bromide
(QX-314), and 2 EGTA. For recordings of spontaneous
activity, 0.2 mM EGTAwas used instead of 2. To isolate
the NMDAR-mediated component of evoked responses,
we used ACSF containing a low concentration of MgCl2
(0.1 mM) with osmolarity maintained by CaCl2
(2.9 mM) and added (lM): five 1,2,3,4-tetrahydro-6-
nitro-2,3-dioxobenzo[f]quinoxaline-7-sulfonamide (NBQX),
50 picrotoxin, 10 CGP 52,432, and 1 strychnine, to block
a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid

(AMPA), g-aminobutyric acid (GABA) GABAA, GABAB

and GlyRs, respectively. All chemicals and drugs were
purchased from Sigma-Aldrich, with the exception of
NBQX, which was purchased from Tocris Bioscience
(Ellisville, MO).
Decay kinetics of NMDAR EPSCs were analyzed on

the average of 20 to 25 traces. The decays were fitted
with double exponential functions: y 5 Afe

2t/s1 Ase
2t/s

in which A is amplitude, s is decay time constant, and
the subscript f and s denote fast and slow components,
respectively. Weighted time constants (smean) were
calculated using the equation: smean 5 [Af/(Af 1 As)]
sf 1[As/(As 1Af)] ss (Stocca and Vicini, 1998; Stocca
and Vicini, 1998).
Miniature EPSCs (mEPSCs) were recorded in pres-

ence of tetrodotoxin (TTX; 1 lM). Amino-phosphono-
valeric acid (APV) and NBQX were not included in
the ACSF. Results were analyzed off-line using the
mini analysis program written by Justin Lee (Synap-
tosoft Inc., Decatur, GA). Data were collected using
pClamp 9 software (Axon Instrument, Foster City,
CA). Analysis was performed off-line with Clampfit
9.0 software (Axon Instruments).
Current-clamp experiments were performed using

mutant and WT mice at 4 and 8 weeks of age. These
current-clamp experiments required an internal solu-
tion containing the same chemicals as described
above with the exception of QX-314 which was omit-
ted and 130 Cs1 methanesulphonate was replaced by
130 K1- gluconate. The ACSF contained a low Mg21

concentration of MgCl2 (0.1 mM), bicuculline (20 lM),
picrotoxin (50 lM), CGP-52,532 (10 lM), strychnine
(1 lM), and NBQX (5 lM).

Morphological identification of CA1 PCs

In some experiments, the recording pipette was
filled with 2 mM Lucifer Yellow. The slices were
removed from the chamber after recordings and fixed
in 4% paraformaldehyde in a 0.1 M phosphate buffer
solution (PBS; 0.1 M, pH 7.2) for 1 to 3 days. Slices
were then washed with dimethyl-sulfoxide for 1 h. An
LSM 510 confocal laser-scanning microscope (Zeiss,
Germany) was used to visualize the CA1 PCs using
103 and 403 water immersion objectives. A three-
dimensional structure of the neurons was obtained
from the z-series data using the confocal system soft-
ware. The scanned neurons were reconstructed with
Adobe Photoshop7.0 (San Jose, CA) and the dendritic
branches were counted manually.

Immunoblotting

Mice were sacrificed under anesthesia using isoflur-
ane, in agreement with the guidelines of the Cana-
dian Council of Animal Care. The hippocampal region
(CA1 area) from each hemisphere was dissected on
ice and homogenized by dounce tissue homogenizer
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using ice-cold TEVP lysis buffer (10 mM Tris-HCl, 5
mM Sodium fluoride (NaF), 5 mM Sodium orthovana-
date (Na3VO4), 5 mM ethylenediaminetetracetic acid
(EDTA), pH 7.4). The hippocampal tissue of 24 differ-
ent animals (12 mutant and 12 WT mice) was pooled
in two different groups. For the NR2A and NR2B
subunits, the CA1 regions from 24 different
animals (four mutant and four WT mice at 2, 4, and 8
weeks of age) were dissected on ice and homogenized
by dounce tissue homogenizer using ice-cold TEVP
lysis buffer (10 mM Tris-HCl, 5 mM sodium fluoride
(NaF), 5 mM sodium Orthovanadate (Na3VO4), 5 mM
EDTA, pH 7.4. The lysed tissue was centrifuged
at 5000 g for 10 min at 48C. Twenty-four animals
at 2, 4, and 8 weeks of age (12 mutant and 12 WT
mice) were also used for the PSD-95 protein
measurement.
The pellet (P1) containing nuclei and other debris

was discarded and the supernatant (S1) was collected.
The S1 was then centrifuged at 15,000 rpm for
15 min at 48C and the resulting pellet (P2) was
collected by discarding the supernatant (S2). The col-
lected pellet (P2) was dissolved in ice-cold TEVP
buffer containing a Mini-EDTA free protease inhibitor
cocktail tablet (Roche, Basel, Switzerland), 1 mM
phenylmethylsulphonyl fluoride, 1% Nonidet P-40,
0.5% Sodium deoxycholate and 0.1% SDS. Protein
concentration was determined using a BCA protein
assay and bovine serum albumin was used as a
standard (Pierce, Biotechnology Inc., Rockford, IL).
Fifty micrograms of membrane proteins from

GlyT11/2 and WT mice were diluted with sample
loading buffer (10% SDS, 100 lM dithiothreitol
(DTT), 10% glycerol (v/v), 0.001% bromophenol blue,
25 mM Tris pH 6.8) and boiled for 3 min at 958C. The
proteins were separated in 7.5% SDS-polyacrylamide
gel. Subsequently, proteins were transferred to a poly-
vinylidene difluoride (PVDF) membrane using a mini
trans-blot cell (Bio-Rad, Hercules CA). Membranes
were then blocked with 5% nonfat milk in tris-buf-
fered saline (TBS; 50 mM Tris pH 8.0, 148 mM NaCl)
for 1 h at room temperature.
Membranes were incubated overnight at 48C with

primary antibodies diluted in 5% nonfat milk in TBS.
The antibody dilution used was 1:1000 for rabbit poly-
clonal anti-NR2A antibodies; 1:7500 for rabbit polyclo-
nal anti-NR2B antibodies; 1:4000 for rabbit polyclonal
anti-PSD-95 antibodies; 1:5000 for rabbit polyclonal
anti-GAPDH antibodies. The antibodies for NR2A,
NR2B and GAPDH were purchased from Abcam,
Cambridge, MA, whereas the antibody for PSD-95
was purchased from Cell Signaling Technology,
Beverly, MA.
The membranes were washed 3 times in TBS con-

taining 0.1% NP-40 for a total of 20 min, and then
incubated with goat antirabbit IgG secondary anti-
body which is conjugated with horseradish peroxidase

(1:3000; Santa Cruz Biotechnology, Inc, CA) for 1 h at
room temperature. The membranes were washed
again and then incubated in ECL solution (Amersham
Biosciences, Baie d’Urfé, QC, Canada). The bands
were visualized on Amersham Hyperfilm (Amersham
Biosciences).

Immunohistochemistry

GlyT11/2 and age matching WT mice (4 and 8
weeks of age) were anesthetized with an overdose of
pentobarbital (60 mg/kg) and intracardiacally per-
fused with 4% paraformaldehyde in PBS solution.
After 30 min postfixation at 48C, the brain was put
into 30% sucrose/PBS solution until it sunk. The
brain was then frozen at 2808C. The brain was sliced
with a cryostat (Leica CM 3050S, Nassloch, Germany)
to obtain hippocampal coronal slices of 14 lm. The sli-
ces were quenched with 50 mM NH4Cl in PBS for 30
min and permeabilized with 0.2% triton and 0.25%
fish gelatin in PBS for 30 min to enhance the pene-
tration of the primary antibody and reduce nonspe-
cific binding. The slices were then incubated with a
mouse antisynaptophysin (1:750; Sigma) and guinea
pig anti-VGLUT 1, 2, 3 (VGLUTs; 1:500; Millipore/
Chemicon, Temecula, CA) primary antibodies in
0.25% gelatin and 0.2% triton PBS solution (PBSGT)
overnight at 48C. The slices were then rinsed thor-
oughly in PBSGT and subsequently incubated with
secondary antibodies: Cy3-conjugated goat antimouse
IgG (1:500; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) and an FITC-conjugated goat
antiguinea pig (1:250; Jackson ImmunoResearch) in
PBSGT for 2 h at room temperature. Slices were
rinsed and mounted with Vectashield mounting
medium (Vector Laboratories Inc., Burlingame, CA).
Control slices, minus the primary antibodies were
examined for background staining.

Confocal microscopy and imaging

We acquired fluorescent images of hippocampal sli-
ces using an LSM 510 confocal laser-scanning micro-
scope (Zeiss, Germany) with a 633 oil-immersion
objective (numerical aperture 1.4) at the resolution of
1024 3 1024 pixels. The stratum pyramidale of the
CA1 region of the hippocampus were scanned twice to
optimize the signal-to-noise ratio. Three parallel
regions of each slice were selected for quantification
and the density of clusters was determined by using
Image J software (NIH, Bethesda, MD).

Statistical analysis

Student’s t tests (two-tailed) or Kolmogorov-
Smirnov two-sample test were used to determine the
statistical significance of the results. All values are
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expressed as means 6 SEM, and a P value of <0.05
was considered significant.

RESULTS
Biophysical properties of NMDAR EPSCs

in GlyT11/2 and WT mice during postnatal
development

Previous data from our laboratory showed that in
GlyT11/2 mice (12-13 weeks of age), the glycine mod-
ulatory site of the NMDAR at the synapse is saturated
as suggested by the finding that exogenous application
of glycine (10 lM) or D-serine (10 lM) does not modify
the amplitude of NMDAR EPSC, whereas the same
dose of glycine enhances NMDAR EPSC amplitude by
approximately 40% in WT mice (Tsai et al., 2004). We
have also previously reported that NMDAR EPSCs in
GlyT11/2 mice (12-13 weeks of age) have faster decay
kinetics compared to their age matching WT mice
(Martina et al., 2005). We recorded NMDAR EPSCs in
hippocampal CA1 PCs from both GlyT11/2 and WT
mice at 2, 3, 4, and 8 weeks of age in order to explore
whether this difference originates early in the post-
natal period.
No significant differences were noted in the 10-90%

rise time of NMDAR EPSCs between mutant and WT
mice at 2 (GlyT11/2: 18.03 6 1.86 ms, n 5 20; WT:
21.6 6 2.45 ms, n 5 11), 3 (GlyT11/2: 26.51 6 5.83 ms,
n 5 11; WT: 24.01 6 7.02 ms, n 5 12), 4 (GlyT11/2:
26.7 6 3.9 ms, n 5 21; WT: 22.1 6 3.4 ms, n 5 9), and
8 (GlyT11/2: 18.36 6 2.22 ms, n 5 7; WT: 19.6 6 2.6
ms, n 5 7) weeks of age. However, the averaged ss and
sf of GlyT1 6 mice at all ages are consistently faster
than those of WT mice (Table I). The weighted time con-
stant is significantly faster in GlyT11/2 compared to
that of WT mice (Figs. 1A and 1B; Table I). From these
data, we cannot conclude that this is a higher expression
of NR2A or a lower expression of NR2B subunits in the
CA1 region of mutant mice, however, one could argue
that this possibility should be addressed.

Antagonistic effect of Ifenprodil on NMDAR
EPSCs in GlyT11/2 and WT mice during

postnatal development

A limited number of drugs can selectively distin-
guish between certain subunits of NMDARs, of which

TABLE I. Decay time constants of NMDAR EPSCs in GlyT11/2 and WT mice

Control Ifenprodil

(n) ss (ms) sf (ms) As (%) Af (%) smean (ms) smean (ms)

2 weeks
WT (18) 648 6 49.33 114.0 6 12.74 26.4 6 2.18 73.6 6 2.19 234.7 6 13.93 151.0 6 8.80 (7)
GlyT11/2 (18) 457 6 30.20* 71.8 6 4.85* 29.5 6 2.23 70.5 6 2.28 185.9 6 10.9* 151.6 6 9.60 (13)

3 weeks
WT (18) 654 6 55.33 111.9 6 9.48 21.4 6 2.16 75.2 6 2.16 205.3 6 10.92 161.2 6 10.03 (9)
GlyT11/2 (19) 548 6 7.20* 83.4 6 1.37* 20.8 6 0.61 79.2 6 0.58 171.6 6 2.14* 165.4 6 8.15 (15)

4 weeks
WT (15) 563 6 28.53 84.74 6 4.48 18.3 6 1.87 81.6 6 1.68 167.7 6 5.58 122.1 6 4.40 (6)
GlyT11/2 (20) 465 6 31.50* 71.31 6 3.77* 17.2 6 1.84 82.8 6 1.84 139.3 6 6.91* 124.9 6 5.94 (9)

8 weeks
WT (18) 559 6 27.47 83.89 6 3.43 14.9 6 1.68 85.1 6 1.68 152.4 6 5.45 115.6 6 6.10 (7)
GlyT11/2 (18) 411 6 20.20* 76.44 6 2.78* 19.6 6 1.68 80.4 6 1.88 138.2 6 3.90* 123.8 6 14.01 (7)

Values are mean 6 SEM. NMDAR EPSCs were recorded in absence (control) and presence of ifenprodil (3 lM). The slow and fast decay components are desig-
nated by ss and sf, respectively, and the weighted time constant by s mean.
*Significant difference between WT and GlyT11/2 mice (p < 0.05).

Fig. 1. Biophysical properties of NMDAR EPSCs recorded from
CA1 PCs of GlyT11/2 and WT mice. A: Traces of NMDAR EPSCs
recorded from CA1 PCs of GlyT11/2 (dashed line) and WT (thick
line) mice at 2 (2W), 3 (3W), 4 (4W), and 8 (8W) weeks of age. B:
Histogram showing the weighted time constants (smean) of NMDAR
EPSCs of CA1 PCs in GlyT11/2 (full bar) and WT mice (empty bar)
at 2, 3, 4, and 8 postnatal weeks. *Indicates statistically significant
differences in the smean between GlyT11/2 and WT mice (P < 0.05).
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ifenprodil is the most characterized. This drug has an
IC50 that is approximately 400-fold lower for NR2B
subunit compared to that of other NMDAR subunits
(Williams, 1993). The antagonistic effect of ifenprodil
on NMDAR EPSCs correlates with developmental
changes in NMDAR composition such that NMDAR
activity in immature neurons is almost completely
inhibited by ifenprodil (Kew, Richards, Mutel, and
Kemp, 1998; Sinor et al., 2000). Because higher levels
of endogenous glycine in GlyT11/2 mice could reduce
the antagonistic effect of ifenprodil, we used 3 lM of
ifenprodil, a concentration that is glycine independent
(Legendre and Westbrook, 1991).

Immunoblotting for NR2A, NR2B, PSD-95 in the
CA1 region in GlyT11/2 and WT mice during

postnatal development

We found that the reduction in the amplitude of
NMDAR EPSCs induced by ifenprodil is significantly
smaller in GlyT11/2 mice at 2, 3, 4 and 8 weeks of
ages compared to their WT littermates (P < 0.05;
Figs. 2A and 2B). This occurrence may reflect a lower
expression of NR2B in mutant mice. Nevertheless,
ifenprodil significantly reduces the NMDAR EPSC
amplitudes of CA1 PCs in GlyT11/2 mice by 51.99 6
5.60% (n 5 12; P < 0.05) at 2 weeks, 45.01 6 2.51%
(n 5 23; P < 0.05) at 3 weeks, 38.13 6 4.32% (n 5
14; P < 0.05) at 4 weeks, and 32.61 6 5.61% (n 5 8;
P < 0.05) at 8 weeks of age, as well we noted further
reduction of NMDAR EPSC amplitudes of WT by
67.91 6 4.63% (n 5 18; P < 0.05) at 2 weeks, 57.66 6
2.99% (n 5 14; P < 0.05) at 3 weeks, 52.05 6 5.17%
(n 5 12; P < 0.05) at 4 weeks, and 47.15 6 4.66% (n
5 10; P < 0.05) at 8 weeks of age.
Since NR2B-containing NMDARs have slower decay

kinetics compared to NR2A-containing NMDARs, we
speculate that ifenprodil could also reduce the smean

and consequently accelerate NMDAR EPSC decay.
Indeed, we find that ifenprodil drastically reduces the
values of the smean in both GlyT11/2 and WT mice at
all ages examined (Fig. 2C and Table I). However, the
smean of WT mice significantly reduces upon ifenprodil
treatment compared GlyT11/2 mice (P < 0.05).
Differences observed in the antagonistic effect of

ifenprodil on NMDAR EPSC amplitudes and the
decay kinetics between the two types of mice suggest
a lower expression of NR2B or a higher expression of
NR2A in GlyT11/2 mice. To test this hypothesis, we
performed immunoblotting experiments to measure
NR2A and NR2B protein expression in the CA1
region of the hippocampus of GlyT11/2 and WT mice
at 2, 4, and 8 weeks of age (Fig. 3). Consistent with
the literature, our results show that NR2B protein
expression remains relatively unchanged during post-
natal development (Liu, Murray, and Jones, 2004; von
Engelhardt, Doganci, Seeburg, and Monyer, 2009),

whereas NR2A protein expression becomes more
prominent with ages (Monyer et al., 1992; Monyer,
et al., 1994; Stocca and Vicini, 1998). However, when
comparing GlyT11/2 mice to WT littermates of the
same age, no significant difference is observed in the
protein expression of either NR2A or NR2B; n 5 4 for
each group.
We also investigated PSD-95 expression, a protein

that exists at the excitatory postsynaptic region is
known to be coupled with NMDARs, especially with

Fig. 2. Effect of ifenprodil on NMDAR EPSCs of CA1 PCs in
GlyT11/2 and WT mice. A: Traces of NMDAR EPSCs recorded from
CA1 PCs in GlyT11/2 and WT mice in the absence (thick line) and
presence of ifenprodil (3 lM; thin line). B: Histogram showing the
effect of ifenprodil on the amplitude of NMDAR EPSCs in GlyT11/2
(full bar) and WT mice (empty bar) at 2, 3, 4, and 8 weeks of age. Note
that the antagonistic effect of ifenprodil on NMDAR EPSC amplitude
decreased with age in both GlyT11/2 and WT mice. C: Histogram
showing the effect of ifenprodil on Tau mean reduction in GlyT11/2
(full bar) and WT mice (empty bar) at 2, 3, 4, and 8 weeks of age.
*Indicates statistically significant differences between GlyT11/2 and
WT mice (P < 0.05).
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those containing the NR2A subunit (Elias et al., 2008).
This protein plays a pivotal role in preventing NR2A-
containing NMDARs to internalize (Lin et al., 2004;
Rao and Craig, 1997). In both types of mice, we found a
PSD-95 protein expression increase with age during
postnatal development. Moreover, compared to WT
mice, there is a significantly higher protein expression
of PSD-95 in mutants at 4 and 8 weeks of age (n 5 4 for
each group; Fig. 3). Overall, our data suggest that
PSD-95 in mutant mice anchors NR2A-containing
NMDARs at the synapse, thereby explaining the faster
decay kinetics observed in GlyT11/2 animals.

Morphological properties of CA1 PCs in
GlyT11/2 and WT mice during postnatal devel-

opment

We previously reported that there was no signifi-
cant difference in the morphology of CA1 PCs
between GlyT11/2 and WT adult mice (12-13 weeks
of age). However, in that case no quantification of
dendritic branches was performed (Martina et al.,
2005; Martina et al., 2005). To further characterize
the morphological properties of CA1 PCs in GlyT11/
2 and WT mice during postnatal development (2, 3,
4, and 8 weeks of age) we labeled them by filling the
recording electrodes with Lucifer Yellow. We obtained
the morphology of CA1 PCs using confocal microscopy
following the electrophysiological recordings.
Our findings show that the number of apical and

basal dendritic segments in CA1 PCs is significantly
higher in mutant compared to WT mice at 2, 3, and 4
weeks of age (Fig. 4 and Table II), whereas no signifi-
cant difference is observed at 8 weeks of age. These

data suggest that during the early stages of postnatal
development, CA1 PCs in GlyT11/2 mice undergo
morphological changes which may impact network
excitability.

Miniature excitatory postsynaptic currents
in GlyT11/2 and WT mice during postnatal

development

We studied mEPSCs to investigate whether in
GlyT11/2 mice, changes in the number of functional
synaptic contacts could occur during postnatal devel-
opment. The averaged amplitude of mEPSCs indi-
cates a single quantum of transmitter release at an
individual synapse (or number of postsynaptic gluta-
matergic receptors), whereas their frequency corre-
sponds to the number/density of synapses (El Hus-
seini et al., 2000) or to the probability of release
(Hopf, Waters, Mehta, and Smith, 2002).
Our findings indicate that in GlyT11/2 mice, the

average of mEPSC amplitudes (pA) at 2 weeks (7.89
6 0.24, n 5 8), 3 weeks (7.95 6 0.29, n 5 11), 4
weeks (8.67 6 0.24, n 5 7), and 8 weeks (8.71 6 0.27,
n 5 6) of age is not significantly different compared
to WT mice at 2 (8.26 6 0.35, n 5 6; P > 0.05), 3
(8.66 6 0.30, n 5 6; P > 0.05), 4 (8.64 6 0.43, n 5 10;
P > 0.05), and 8 weeks (9.10 6 0.24, n 5 6; P > 0.05;
Figs. 5A, 5B, and 5D and Supporting Information
Fig. 1) of age. These results suggest that there is no
difference in the number of glutamatergic postsynap-
tic receptors (AMPARs and NMDARs) between
GlyT11/2 and WT mice.
Interestingly, our observations show that the fre-

quency (Hz) of mEPSCs is significantly higher in
GlyT11/2 mice at 4 (0.627 6 0.06, n 5 7) and 8
weeks (0.654 6 0.07, n 5 6) of age compared with
their matching WT littermates (4 weeks: 0.455 6
0.03, n 5 10; P < 0.05; 8 weeks: 0.520 6 0.06, n 5 6;
P < 0.05; Figs. 5A, 5C, and 5E and Supporting Infor-
mation Fig. 2). In contrast, there is no significant dif-
ference in the frequency of mEPSCs at 2 and 3 weeks
of age between GlyT11/2 (2 weeks: 0.310 6 0.05, n
5 8; 3 weeks: 0.560 6 0.07, n 5 11) and WT mice (2
weeks: 0.284 6 0.07, n 5 6; P > 0.05; 3 weeks: 0.470
6 0.08, n 5 6; P > 0.05; Kolmogorov-Smirnov test).
We conducted the paired-pulse (PP) protocol to

determine the release probability to test whether the
high frequency of mEPSC in mutant mice (at 4 and 8
weeks of age) was not due to a higher release of glu-
tamate from presynaptic terminals, (Hsia, Malenka,
and Nicoll, 1998; Wasling, Hanse, and Gustafsson,
2004). We performed PP stimulation to Schaffer col-
lateral terminals using a pulse interval of 40, 80, and
100 ms and recorded the NMDAR-mediated paired-
response in CA1 PCs. We found that there was a sig-
nificantly higher PP ratio in GlyT11/2 mice at 3, 4,
and 8 weeks of age compared to those of WT litter-

Fig. 3. Expression of NR2A and NR2B protein in whole hippo-
campus of GlyT11/2 and WT mice. Whole hippocampus (n 5 24)
was used to determine the protein expression of NR2A, NR2B, and
PSD-95 in mutant and WT mice at 2, 4, and 8 weeks of age. During
postnatal development, NR2A and PSD-95 protein expression
increases with age. When comparing both types of mice, we find a
higher expression of PSD-95 protein in GlyT11/2 mice, whereas
there is no obvious increase in NR2A protein expression. NR2B pro-
tein expression remains relatively constant. GAPDH was used as an
internal control for protein loading.
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mates (Supporting Information Fig. 1; P < 0.05). This
suggests a lower release probability in GlyT11/2
compared to WT mice (Supporting Information Fig. 1)

and may argue in favor of a higher density of synap-

ses in mutant mice at 4 and 8 weeks of age. It is

worth mentioning that the above findings, such as

the amplitude and frequency of the mEPSCs as well

as the paired pulse ratio are not reversed by the GlyR

antagonist strychnine at the dose of 1 lM but are

blocked by APV (20 lM).

Synaptic organization in GlyT11/2
and WT mice

NMDAR activation is required for early synapse
formation and neural development. Blocking NMDAR

Fig. 4. Morphological properties of CA1 PCs in GlyT11/2 and WT mice during different stages of
postnatal development (A–D) Lucifer yellow-labeled CA1 PCs obtained from GlyT11/2 and WT mice
at 2, 3, 4 and 8 weeks of age showed that mutants have a higher number of dendritic branching than
WT littermates (see Table II for details). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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activity inhibits dendritic arbor growth (Rajan and
Cline, 1998). We performed double immunostaining
using synaptophysin, a protein involved in the pre-
synaptic exocytosis machinery and vesicular gluta-
mate transporter subtypes (VGLUT1, 2, 3; VGLUTs),
the specific molecular markers of glutamatergic
vesicles to compare the density of excitatory
synapses at Schaffer collaterals/CA1 synapses
between GlyT11/2 and WT mice at 4 and 8 weeks of
age. Colocalization of synaptophysin and VGLUTs
formed bright fluorescent clusters that are uniformly
distributed in the stratum pyramidale in both
GlyT11/2 and WT mice (Figs. 6A–6D). The density of
synaptophysin and VGLUTs clusters as well the den-
sity of coclusters is much higher in GlyT11/2 mice at
4 and 8 weeks of age compared with that of WT
littermates (Supporting Information Figs. 4A–4C).
These findings suggest a higher density of excitatory
presynaptic terminals and further suggest a higher
number of synaptic contacts at Schaffer collaterals/
CA1 synapses in mutant mice.

Neuronal excitability in GlyT11/2 and WT mice

Thus far, the results of our study suggest that in
the hippocampal network of mutant mice, there is a
higher level of synaptic contact which could lead to
higher excitability. In the last series of experiments,
we sought to investigate this hypothesis by assessing
the firing frequency of action potentials of CA1 PCs
at 4 and 8 weeks in both types of mice. If indeed the
neuronal network is more excitable in mutant mice,
the frequency of action potentials should increase
when compared to WT mice. We recorded CA1 pyram-
idal neurons in current-clamp mode. Cs methanesul-
fonate was not used because it would inhibit potas-
sium channels. For these experiments, K1 gluconate
was used instead of Cs methanesulfonate. As illus-
trated in Figures 7A and 7B, there is a significant

increase in the frequency of action potentials in
GlyT11/2 mice at 4 and 8 weeks. Interestingly, we
do not find any significant change in resting mem-
brane potential. Moreover, in both GlyT11/2 and WT
mice at 8 weeks of age, the firing frequency was
reduced upon bath application of the competitive
NMDAR antagonist, APV (Fig. 7C).

DISCUSSION

In this study, using GlyT11/2 mice, we investi-
gated the impact of chronic high levels of endogenous
glycine on important parameters of glutamatergic
neurotransmission involving NMDARs. Our results
indicate that throughout postnatal development, com-
pared with control animals, mutant mice undergo
major changes with respect to the pharmacological
properties and functionality of NMDARs in CA1 PCs.
More precisely, differences observed in GlyT11/2
mice are the following: (1) a faster decay kinetic
of NMDAR EPSCs; (2) a reduction of the antagonis-
tic effect of ifenprodil; (3) a higher protein expression
of PSD-95; (4) an increase in dendritic branching
and glutamatergic presynaptic terminals; (5) a
higher frequency of mEPSC; and (6) higher network
excitability.
During early postnatal development, NMDARs at

the synapse are predominantly composed of NR2B
subunits, whereas NR2A subunits are gradually
inserted into the synapse at maturation (Monyer,
et al., 1994; Sheng et al., 1994; Flint et al., 1997), a
transition that is reflected by the acceleration of the
decay kinetics of NMDAR EPSCs (Hestrin, 1992;
Cathala, Misra, and Cull-Candy, 2000) and the loss of
ifenprodil sensitivity (Tovar and Westbrook, 1999;
Williams, 2001). Accordingly, in both mutant and WT
mice, we observed a developmental decrease in the
decay kinetics of NMDAR EPSCs, however, GlyT11/2
mice exhibited significantly faster decay kinetics com-
pared with WT littermates at all studied ages. Consist-

TABLE II. Morphological properties of CA1 PCs labeled with Lucifer yellow in GlyT11/2 and WT mice during different stages of
postnatal development

Apical dendrites Basal dendrites

(n) II III IV V I II III

2 weeks
WT 8.42 6 1.05 (12k 11.83 6 1.55 (12) 6.45 6 0.62 (11) 7.33 6 1.76 (3) 3.90 6 0.31 (10) 7.40 6 0.58 (10) 11.89 6 1.41 (9)
GlyT11/2 6.25 6 0.99 (16) 16.25 6 1.54 (16)* 10.88 6 2.32 (16)* 5.78 6 0.94 (9) 4.36 6 0.28 (11) 9.45 6 0.59 (11)* 12.88 6 1.36 (8)

3 weeks
WT 6.67 6 1.86 (3) 10.0 6 1.0 (2) 4 (1) n/a 3.50 6 1.50 (2) 9.50 6 3.5 (2) 10.40 6 4.0 (2)
GlyT11/2 12.78 6 0.9 (9)* 21.44 6 1.5 (9)* 9.63 6 1.55 (8) 5.0 6 1.0 (2) 4.62 6 0.52 (8) 11.75 6 1.68 (8) 14.88 6 0.67 (8)*

4 weeks
WT 8.0 6 0.82 (6) 10.17 6 1.62 (6) 4.33 6 0.76 (6) 5.75 6 0.85 (4) 3.80 6 0.37 (5) 9.00 6 0.89 (5) 7.60 6 1.33 (5)
GlyT11/2 12.50 6 2.1 6 (6)* 15.33 6 1.84 (6)* 9.17 6 1.64 (6)* 7.60 6 1.21 (5) 4.20 6 0.49 (5) 9.4 6 1.33 (5) 14.0 6 2.07 (5)*

8 weeks
WT 7.00 6 4.9 (7) 11.10 6 1.12 (7) 6.86 6 1.32 (7) 6.50 6 0.26 (2) 4.28 6 0.43 (7) 10.14 6 0.19 (7) 11.86 6 0.19 (7)
GlyT11/2 8.86 6 2.20 (7) 13.14 6 1.14 (7) 7.14 6 1.03 (7) 7.00 6 0.54 (2) 4.14 6 0.46 (7) 9.0 6 0.82 (7) 13.43 6 1.46 (7)

Values are mean 6 SEM. CA1 PCs labeled with Lucifer yellow were recorded frome GlyT11/2 and WT mice at 2, 3, 4, and 8 weeks of age. We identified (I) as
the first dendritic segments leaving the soma, (II) the dendritic segments branching from (I), (III) the dendritic segments branching from (II), etc.
*Significant difference between GlyT11/2 and WT mice (P < 0.05).
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ent with previous reports (Monyer et al., 1994; Sheng
et al., 1994; Flint et al., 1997), the results of our im-
munoblotting experiments confirmed an increase in
NR2A protein expression with age in both GlyT11/2
and WT mice. However, our results did not reveal any
significant difference in protein expression of NR2A
between GlyT11/2 and WT mice at any studied time

points. Our observation that decay kinetics of NMDAR
EPSCs is faster in mutant mice cannot be explained
by a difference in NR2A or NR2B protein expression.
In agreement with other studies (Stocca and Vicini,
1998), our data from immunoblotting experiments
revealed that NR2B protein expression remains rela-
tively constant despite the faster decay kinetics of

Fig. 5. mEPSCs of CA1 PCs in GlyT11/2 and WT mice during
postnatal development. A: mEPSCs recorded from CA1 PCs of
GlyT11/2 (right panel) and WT (left panel) mice at 2, 3, 4, and 8
weeks of age. B and D: Both types of mice had no significant differ-

ence in mEPSCs amplitudes at 2, 3, 4, and 8 weeks of age. C and
E: The frequency of mEPSCs was significantly higher in mutants at
4 and 8 weeks of age. *Indicates statistically significant differences
between GlyT11/2 and WT mice (P < 0.05).
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NMDAR EPSCs and the decrease in ifenprodil sensi-
tivity, suggesting that NR2A subunits are inserted into
these synapses forming heteromerics complexes.

A core component of the postsynaptic density at
excitatory synapses during postnatal development is
that PSD-95 protein expression parallels that of

Fig. 6. Immunohistochemistry detection of synaptophysin and
VGLUTs in the stratum pyramidale of GlyT11/2 and WT mice at 4
and 8 weeks of age. A–D: Immunofluorescent confocal sections of
CA1 PCs layer in the hippocampus, double labeled for (a) synapto-

physin, (b) VGLUTs in GlyT11/2 and WT mice at 4 and 8 weeks of
age and (c) merged image. Scale bar is 5 lm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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NR2A. Indeed, a past study shows that over-expres-
sion of PSD-95 in cultured cerebellar granule cells pro-
motes NR2A synaptic expression (Losi et al., 2003).
Therefore, the faster decay kinetics observed in
GlyT11/2 mice could be explained by the increased
expression of PSD-95, which is involved in the
trafficking and stabilization of NR2A subunits at the
synapse (Elias et al., 2008). Previous reports have
already shown the molecular mechanisms that could
be involved in the phenomenon (Tovar and Westbrook,
1999; Fox, Henley, and Isaac, 1999; MacDonald,
Jackson, and Beazely, 2006; Hoffmann, Gremme, Hatt,
and Gottmann, 2000).
We observed that throughout postnatal develop-

ment, GlyT11/2 mice exhibited a higher number of
dendritic branching (Fig. 4 and Table II) as well as a
higher density of excitatory glutamatergic synapses
(Fig. 6 and Supporting Information Fig. 4) in the CA1

region of the hippocampus compared to WT mice.
Indeed, the results of our investigation are consistent
with those of previous reports in which focal applica-
tion of glutamate lead to a dramatic increase in the
length of the shaft filopodia leading to dendritic
growth and branching during neuronal development
(Portera-Cailliau, Pan, and Yuste, 2003). Moreover,
numerous studies highlight that neuronal activity
mediated by the NMDARs promotes dendritic arbor
growth (Niell, Meyer, and Smith, 2004; Sin, Haas,
Ruthazer, and Cline, 2002), whereas blocking
NMDARs reduces dendritic growth (Rajan and Cline,
1998). Recently, Cline and coworkers showed that
NR2A and NR2B subunits have specific functions in
the morphological development of tectal neurons in
the living Xenopus and found that NR2A but not
NR2B increased dendritic branch clusters (Ewald,
Keuren-Jensen, Aizenman, and Cline, 2008). GlyT11/
2 mice exhibited a higher degree of synaptic connectiv-
ity (Fig. 5 and Supporting Information Fig. 2) as well
as a higher degree of network excitability in the CA1
region of the hippocampus compared to WT mice (Fig.
7). Several mechanisms could explain this occurrence.
First, the higher synaptic expression of NR2A in
mutants endows the NMDAR channel with a higher
open probability (Po; 5-fold higher) as well as a higher
peak open probability than NR2B-containing NMDARs
(Erreger et al., 2005; Mellor, Nicoll, and Schmitz,
2002), resulting in a higher degree of synaptic excit-
ability. Second, NR2A-containing NMDARs have a
faster glutamate unbinding rate (30-fold faster) than
NR2B-containing NMDARs; this attribute reduces the
degree of receptor desensitization, thereby enabling
the receptor to respond promptly to repetitive synaptic
signal inputs, especially during high frequency stimu-
lation (Erreger et al., 2005). Finally, the morphological
findings in our study, e.g., the higher number of postsy-
naptic dendritic branching in GlyT11/2 mice and
higher density of synapses, provide the postsynaptic
neurons with a stronger ability for integration of
multiple synaptic inputs by temporal and spatial
summation, altogether facilitating the generation of
action potentials (Xu, Ye, Poo, and Zhang, 2006;
Hausser, Spruston, and Stuart, 2000; Magee, 2000).
These mechanisms could explain, at least in part,
the higher network excitability encountered in
mutant mice.
One of the more interesting and intriguing findings

of our work is that there is a higher expression of
PSD-95 protein in the hippocampus of mutant com-
pared with WT mice. PSD-95 has been particularly
studied because in the central nervous system it
is one of the major constituents of excitatory
PSDs (Chen et al., 2005), and it is directly involved
in synaptic plasticity (Migaud et al., 1998). It is
well documented that this abundant postsynaptic
scaffold, PSD-95, regulates the formation of excitatory

Fig. 7. Neuronal excitability in GlyT11/2 and WT mice. A:
Traces representing spontaneous NMDAR-dependent activity in
CA1 PCs recorded in current-clamp mode. We observed a higher fre-
quency of action potentials in mutants compared to WT mice at 4
and 8 weeks of age. B: Bar histogram shows a significantly higher
frequency of action potentials in GlyT11/2 mice compared with WT
littermates. C: The action potential frequency in mutants (8W) and
WT animals (8W) was reduced upon bath application of NMDAR an-
tagonist APV (50 lM). *Indicates statistically significant differences
between GlyT11/2 and WT mice (P < 0.05).
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synapses. PSD-95 is essential for synaptogenesis and
for neurons to establish correct connectivity. PSD-95
protein plays major roles in synapse organization and
function (Funke, Dakoji, and Bredt, 2005). Overex-
pression of PSD-95 in neurons is associated with mod-
ifications in the properties of synaptic transmission
and has also been proposed to affect synapse
maturation and stabilization (El-Husseini, Schnell,
Chetkovich, Nicoll and Bredt, 2000) and, thus, syn-
apse number. Acute knockdown of PSD-95 reduces
the development of synaptic structures (Ehrlich,
Klein, Rumpel, and Malinow, 2007), and PSD-95
mutant mice exhibit variations in spine densities in
several brain regions (Vickers et al., 2006).
Morphological properties of excitatory synapses

upon over-expression of PSD-95 reveals important
new functions of this protein in regulating spine syn-
apse formation and plasticity. The expression of PSD-
95 resulted in changes in spine shape, a marked
increase of the spine volume, and an enlargement of
the PSD, resulting in the formation of synapses with
complex and perforated or segmented PSDs. The
effect is very significant because, on average, the PSD
area increased by a factor of six to eight, and the
spine volume increased about 3-fold, emphasizing the
close relationship existing between spine volume and
PSD size (Harris and Stevens, 1989). Moreover, PSD-
95 has diverse synaptic functions. One such function
is to interact with membrane proteins and regulate
their synaptic localization. PSD-95 seems to stabilize
interacting membrane proteins at synapses by sup-
pressing their lateral diffusion or internalization
(Roche et al., 2001; Prybylowski et al., 2005). In
addition to its role in protein trafficking, PSD-95 can
regulate the functional properties of interacting
membrane proteins, as shown by PSD-95-dependent
changes in the gating of NMDA receptors (Lin et al.,
2006).
Glycinergic neurotransmission is known to control

motor functions and arousal states (Legendre, 2001;
Betz et al., 2006) while glutamatergic neural path-
ways are involved in the regulation of cognitive proc-
esses such as learning and memory storage (Citri and
Malenka, 2008; MacDonald, Jackson, and Beazely,
2006; Citri and Malenka, 2008). Presumably, GlyT1
disruption affects one or more of these processes. This
could likely play a role in glycine encephalopathy
(GE) pathophysiology. This disease is believed to
result from a shortage of an enzyme that normally
breaks down glycine in the body. This defect allows
excess glycine to build up in tissues and organs, par-
ticularly in the brain, leading to serious medical com-
plications. Typically, neonatal individuals suffering
from GE display a number of neuropsychological
symptoms including hypotonia, convulsions and even
coma, while mental retardation, psychomotor limita-
tions, and behavioral abnormalities are usually

observed later during childhood (Hayasaka et al.,
1982; Hayasaka, Tada, Fueki, and Aikawa, 1990;
Agamanolis, Potter, and Lundgren, 1993; Kikuchi,
Motokawa, Yoshida, and Hiraga, 2008). Most GE
individuals die as newborns but the rare ones that
survive demonstrate lack of neurological develop-
ment, intractable seizures and many neuropsychiatric
symptoms including learning disabilities and mental
retardation (Applegarth and Toone, 2001; Toone,
et al., 2003; Applegarth and Toone, 2004).
GlyT1 knockout mouse models (Gomeza et al.,

2003; Tsai et al., 2004) suggest the intriguing possibil-
ity that mutations in the corresponding gene in
humans could cause GE. It is tempting to speculate
that many of the symptoms present in GE patients
could be explained by some of the new findings that
we are reporting in our study. However, it is worth
mentioning that all animal models of any human dis-
ease must be viewed with some scepticism. Indeed,
homozygous GlyT1 deficient mice display most of the
symptoms observed in individuals with GE, however,
one would argue that the phenotype of heterozygous
GlyT1 mice is relatively normal compared with WT
mice. Indeed, GlyT11/2 are quite healthy, rarely
exhibit seizures and perform relatively well in the
Morris Water Maze (Tsai et al., 2004). However,
GlyT11/2 mice have higher levels of glycine in their
brain, blood, and urine, similar to what has been
reported in GE patients that survive until early
adulthood (Agamanolis, Potter, and Lundgren, 1993;
Hardingham, 2009; Gomeza et al., 2003). NMDAR
antagonists as a first line treatment for patients with
GE have been used by several groups (Ohya, et al.,
1991). The results of our investigations are indeed in
support of this approach. However, one should never
minimize the potential side effects of this type of
treatment and the use of NMDAR antagonists should
be done with caution.
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