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Abstract 

Calcium has evolved to be a ubiquitous second messenger that regulates many diverse and often opposing 

physiological processes in eukaryotic cells. In the central nervous system, NMDA receptors are glutamate 

and glycine-gated ion channels that mediate large Ca2+ influx during excitatory synaptic transmission. The 

Ca2+ load through NMDA receptors is responsible for both synaptic plasticity, learning and memory as well 

as excitotoxicity during aberrant synaptic transmission. To curb excessive Ca2+ influx and fine-tune the 

synaptic current, NMDA receptors employ calmodulin as an endogenous sensor of intracellular Ca2+ that 

also directly inhibits channel function. In this dissertation, I outline my empirical results into the mechanism 

of calmodulin-dependent regulation ofNMDA receptors. Combining precise whole-cell measurements of 

calmodulin-dependent inactivation of receptor currents with mathematical modeling of Ca2+ signaling and 

calmodulin/channel interactions, I found that under specific conditions, the degree of inactivation can be 

explained by a model where calmodulin primes resting channels for inactivation in the absence of Ca2+. 

Given the close spatiotemporal coupling of Ca2+ sensing by calmodulin to channel activity, I investigated 

whether the Ca2+ influx through individual channels was sufficient to engage calmodulin-dependent 

inactivation of neighboring channels. Using cell-attached patch clamp, I determined whether NMDA 

receptors in multi-channel patches gated cooperatively in a Ca2+/calmodulin-dependent manner. I found 

that the negative cooperativity could be augmented by scaffold protein, PSD-95. Lastly, I examined the 

apparent insensitivity of GluN2B-containing channels to calmodulin. I found that GluN2B channels rapidly 

inactivate when exposed to tonic Ca2+ inside the cell. To reconcile this discrepancy, I used patch clamp 

fluorometry to measure the kinetic mechanism of inactivation while manipulating intracellular Ca2+ levels. 

I found that both GluN2A and GluN2B channels inactivate by a common mechanism by which 

perturbations in their activation pathways lead to increased occupancies of desensitized states. The 

differential subtype kinetics ofthe active channel explains the subunit-specific manifestation ofcalmodulin

dependent inactivation. Overall, these findings highlight the nuances of Ca2+ regulation ofNMDA receptors 

and provide new insight into Ca2+-dependent physiological and pathological processes. 
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Chapter One: General Introduction 

1.1 Ca2+ signaling in the nervous system 

Calcium ions (Ca2+) are a universal signaling molecule in eukaryotic organisms regulating nearly all aspects 

of cellular function [ l]. The importance of Ca2+ as a messenger is underscored by the multitude of Ca2+ 

binding proteins that sense fluctuations in Ca2+ concentrations to mediate their function. These proteins 

often possess binding kinetics that spans several orders of magnitude. Equally diverse are the multitude of 

ion channels and transporters that flux Ca2+ across plasma membranes. These channels vary in the amount 

of Ca2+ they pass and the kinetics with which the pass it. Collectively, this repertoire of Ca2+ sources, 

sensors, and sequester positions Ca2+ as a preeminent effector molecule for signaling. 

The ability of cells to employ a single molecule, such as Ca2 
+, as a multifunctional signal also mandates the 

background levels of "noise" to be as low as possible to allow highly sensitive signal discrimination. The 

efficacy of Ca2+ signaling systems stems from the near 20,000-fold concentration gradient between 

intracellular and extracellular compartments. This allows small fluctuations in concentration to be easily 

detected by high affinity binding proteins as well as precise spatiotemporal release of Ca2+ into the cytosol. 

Cytosolic Ca2+ concentrations are kept at a near constant l 00 nM via the extensive system of Ca2+ pumps 

and binding proteins. The origin of this steep concentration gradient is thought to be due to the chemical 

properties of Ca2
+ itself. Because Ca2

+ binds water with less affinity than Mg2
+, it is more prone to binding 

to negatively charged phosphate groups, thus, triggering their precipitation from aqueous solution [2]. This 

property is incompatible with phosphate-based DNA and energy sources as primary mediators of life. 

Therefore, as Ca2+ leached into the primordial oceans causing the concentration of aqueous Ca2+ to rise, 

cells evolving in this environment developed mechanisms to extrude Ca2+ from their cytosol [3]. As this 

now steep concentration gradient began serving as the basis for Ca2+ signaling, cells became 

compartmentalized to allow controlled intracellular rises in Ca2+ without interference of cellular processes. 

Interestingly, the prokaryotic Ca2+ signaling repertoire appears to be very limited, although some Ca2+ 
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binding proteins with eukaryotic homologs have been identified. This may reflect the dangers of 

intracellular Ca2+ elevations with no nuclear envelop protecting the DNA. 

The aspect of cellular compartmentalization is particularly crucial for Ca2+ signaling in neurons. Unlike 

many other cell types, neuronal morphology is highly complex. Along a single dendritic branch of a neuron, 

small membrane protrusions, known as "dendritic spines," form the sites of synaptic contact and 

information transfer between neurons. Dendritic spines are the primary site of postsynaptic receptors that 

respond to synaptic changes in neurotransmitter levels to initiate downstream signaling. These Ca2+ -

permeable channels on the spine head allow influx of Ca2+ into the spine upon activation. Along a single 

pyramidal neuron in the hippocampus as many as 30,000 spine heads may exist. Spines are primarily 

structured by polymerized and filamentous actin making them highly dynamic and malleable in 

morphology. Their general knob-like shape can range from 0.5 - 2 µmin diameter which connect to the 

dendritic branch by a tapering in the spine membrane forming a narrow neck. 

The morphology of the spine substantially impacts the dynamics of internal Ca2+ and biochemical reactions 

[ 4]. The narrow neck serves as a physical barrier to Ca2+ diffusion thus amplifying the enrichment of Ca2+ 

within the spine head and prolonging the elevation. In addition, the small volume of the spine (- 0.l fL) 

creates a unique microenvironment of high electrical capacitance due to the insulator-like properties of the 

membrane. This property can result in electrodiffusion effects of Ca2+ ions by enriching within the Debye 

layer at the membrane [5]. This general morphology effectively allows electrical and biochemical isolation 

of the spine head allowing spines to function as independent subcellular compartments. However, while 

many Ca2+-related biochemical reactions are restricted to the spine to maintain synapse-specific plasticity 

[ 6-8], other intracellular [9-11] and extracellular [12] signals can diffuse along dendritic arbors allowing 

for chemical integration across many spines. Thus, Ca2+ is among a unique class of signaling molecules 

that are regulated to function in discrete nanophysiological compartments [13]. 
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1.2 Ionotropic glutamate receptors in the CNS 

Glutamate is the principle excitatory transmitter in the central nervous system (CNS) where it initiates and 

regulates a wide array of physiological events. Ongoing glutamatergic signaling is essential for neuronal 

viability, the normal functioning of the nervous system circuitry, and for many vital behavioral responses 

to environmental challenges and experiences [14]. The ubiquity of glutamate as neurotransmitter poses a 

nontrivial challenge to neurons, which is how diverse regulatory information is derived from a single 

chemical signal. Among the transducers that evolved to sense glutamate transients, the ionotropic glutamate 

receptor (iGluR) family encompasses structurally related glutamate-gated excitatory channels that differ in 

their sensitivities and responses to glutamate (Figure 1.lA) [15,16]. Regulated expression of receptor 

subunits endows neurons with specific iGluR family member complements that differentially transduce 

glutamate transients into meaningful cellular signals. 

Within the iGluR family, NMDA, AMP A, and kainate receptors have largely similar modular structures 

[17-22] (Figure 1.1B). Yet glutamate elicits excitatory currents with class-specific kinetic characteristics. 

Given the overall similar architectures of AMP A and NMDA receptors, it is likely that the biologically 

relevant attributes of their output originate from subtle differences in their atomic arrangements. A major 

obstacle to understanding how functional variations arise from subtle structural differences and how they 

impact biology is that the molecular composition ofnative NMDA receptors is yet undefined. Furthermore, 

these subunits display developmental and regional expression profiles suggesting that different brain 

regions have unique functional properties [23]. However, it is well understood that different channel 

subtypes can associate in any number of combinations including receptors composed of three different 

subunit types. These triheteromeric populations have been difficult to study and isolate in native tissues. 

However, recent evidence suggests that have unique properties from their diheteromeric counterparts [24] 

thus emphasizing the lack of knowledge of the functional properties of native channels. 
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Figure 1.1 (A) 18 mammalian iGluR subunits segregate into four homologous classes. Tetrameric assembly 
of individual subunit proteins produce functional AMPA, Kainate, and NMDA-gated excitatory channels 
and orphan GluD channels/receptors. (B) Structures of iGluR and subunit organization. Overall structural 
comparisons ofa (left) diheteromeric GluNl /GluN2B NMDA receptor (PDB: 4PE5), (middle) a homomeric 
GluA2 AMPA receptor (PDB: 3KG2), and (right) a homomeric GluK2 Kainate receptor (PDB: 5KUF). 
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1.2.1 Evolutionary origins of the ionotropic glutamate receptor 

Members of the ionotropic glutamate receptor family are found across all kingdoms of life with the 

exception ofbasal eukaryotes such as fungi. Partial sequence homology between iGluRs and voltage-gated 

channels introduced the now widely accepted hypothesis that the two families share the pore of a common 

ancestor [25-28]. Further, structural and functional evidence indicates that, like potassium-selective 

channels [29], functional iGluRs assemble as tetrameric proteins [17-19,30-32]. Finally, the discovery of 

prokaryotic glutamate-gated K+-selective channels such as GluR0 [33] provides a potential timeline for the 

evolutionary development of eukaryotic iGluRs (Figure 1.2A). 

Phylogenetic analysis of subunit amino acid sequences across species of the Bilateria division have 

suggested that in addition to high sequence conservation, there is strong predicted secondary structure 

conservation [34]. Furthermore, despite the prominent role of NMDA receptors in mediating excitatory 

synaptic transmission, glutamate receptor subunits were identified in organisms, which lack nervous 

systems completely. In plant species such as Arabidopsis, these channels are hypothesized to serve to alert 

the plant to cell damage by sensing released amino acids from potential threats like insects or fungus [35]. 

Other genomic evidence has identified glutamate receptor genes in genomes of Choanojlagellida [36]. 

Thus, even prior to the evolution of the first ancestral common synapse in cnidarians, the ursynapse [37], 

much of the molecular machinery for modem synaptic function had already evolved (Figure 1.2A). 

The strong sequence homology within the NMDA receptor subfamily of genes suggests that they originate 

from a common eukaryotic GluN ancestor, although it remains unclear when this happened. Likely, the 

GluN2 subfamily arose by gene duplication. Invertebrates, such as insects and nematodes have a single 

GluN2 ortholog (Nmdar2 in Drosophila, and nmr-2 in Caenorhabditis). High similarity in exon structure 

of GluA2 genes and the analysis of paralogous chromosomal regions surrounding the GluN2 genes [38] 

support the hypothesis that the GluN2 subfamily arose from two rounds of genome duplication, which 

occurred - 550 mya, at the point of divergence between arthropods and vertebrates [39,40]. The first round 
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of duplication resulted in GluN2A/B and GluNC/D ancestors, whereas the second round led to the four 

individual genes that currently exist in vertebrates. 

Each iGluR subunit exhibits a modular architecture. The extracellular portion contains two domains: the 

N-terminal domain and the ligand-binding domain. These two domains possess a similar cleft-shaped 

structure. The transmembrane domain forms the cation-selective pore that conducts Na+ and Ca2+ into the 

cell. Finally, each subunit has an intracellular cytoplasmic domain which is intrinsically structurally 

disordered and the site of many post-translational modifications and protein-protein interactions. As with 

most modular proteins, each domain has its own unique evolutionary origins [ 41]. Thus, to understand the 

evolution of the NMDA receptor, the evolution of each domain must be explored (Figure 1.2B). 

The Transmembrane Domain. The most fundamental element of an ion channel is the ion-conducting pore. 

Early studies provided the now widely accepted that ionotropic glutamate receptors share common 

evolutionary features with voltage-gated channels on the basis of both sequence and structural homology 

[25-27]. This was further substantiated by structural and functional studies which demonstrated that 

glutamate receptors consisted of four subunits [17-19,30,31] similar to K+ channels [29]. In addition, a 

'transitional' channel, GluRO, was discovered in prokaryotes which selectively conducted K+ ions in 

response to glutamate [33]. The homology to K+ channels has successfully guided in silica modelling of 

the NMDA receptor transmembrane domain [ 42]. 

The Ligand-binding and N-terminal Domains. Precursors to the glutamate receptor ligand binding domain 

were found in specific amino acid-binding periplasmic proteins in prokaryotes [ 43]. The bacterial 

periplasmic binding protein [44] and the GluNl ligand-binding domain of the NMDA receptor [45] share 

highly homologous secondary and tertiary structures. In addition, site-directed mutagenesis of GluR-D 

ligand binding domain provided evidence for a conserved functional mechanism of ligand recognition 

between that of the bacterial periplasmic binding protein [ 46]. Among iGluRs, ligand binding domains 

share a high degree of similarity with Glutamine Binding Protein while the N-terminal domain is 

structurally related to Leucine-Isoleucine-Valine Binding Protein [ 4 7] (Figure 1.2B). 
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Figure 1.2: Molecular evolution of iGluRs precedes evolution of synapses. (A) Phylogeny of taxons 
expressing iGluRs. Evolutionary divergence dates were estimated using Timetree. Taxons that possess 
synapses are coded in red. (B) Molecular evolution of iGluRs proceeds from prokaryotic K+ channel, kcsa 
(PBD: 5J9P), and multiple fusion events of the channel to periplasmic binding proteins, GlnBP (PDB: 
1 WDN) and LIVBP (PDB: 2LIV), to form the ligand-binding and amino-terminal domain, respectively 
(PDB: 4PE5). 
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The C-terminal Domain. Insights into the evolution of the NMDA receptor cytoplasmic domains have only 

recently become known. Conspicuously, vertebrates have much longer (up to 500 residues) cytoplasmic 

domain relative to their invertebrate counterparts. In addition, the cytoplasmic domain is the least conserved 

region of iGluRs, with only 29% sequence identity across the mouse GluN2 paralogs [ 48]. This observation 

suggests that the cytoplasmic domains represent a point of functional divergence in the evolution of the 

NMDA receptor subunits. This gene diversification likely helped regulate animal behavior by producing 

distinct functional properties between GluN2A and GluN2B. Truncation of the GluN2B c-terminal domain 

resulted in lethality similar to the complete GluN2B knockout [ 49-51]. This is in contrast to GluN2A 

knockouts and c-terminal domain truncated genes which are viable [49,52]. This was substantiated upon 

genetically swapping the c-terminal domains between these subunits in a mouse model. Swapping of the 

domains resulted in distinct behavioral phenotypes across domains of learning, emotion/motivation, and 

motor skills [53]. Interestingly, single-molecule recordings of channel function with GluN2A/B subunits 

with swapped c-terminal domains showed that these mutant channels retained the functional properties of 

their wild-type counterparts [54]. This suggests that the primary function of the evolutionary divergence of 

subunit c-terminal domains may be due to specific protein interactions. In support of this hypothesis is the 

observation that the smaller vertebrate orthologues lack many of the known protein binding motifs present 

on the vertebrate subunits [ 48]. 

1.2.2 Physiological roles of NMDA receptors 

1.2.2.1 Role in the neuronal postsynaptic signal 

Most excitatory synapses express both AMPA and NMDA receptors and the excitatory postsynaptic current 

(EPSC) is the total ensemble current through both types. Following a presynaptic release of glutamate, 

AMP A receptor currents rise and subside quickly and determine the onset and peak amplitude of the EPSC. 

In contrast, NMDA receptor currents rise and decline more slowly; thus, they set the decay of the EPSC 
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and strongly influence the total charge passed into the cell (Figure 1.3). The importance of Ca2+ in the 

induction of synaptic plasticity was recognized by observations that intracellular chelators in postsynaptic 

hippocampal neurons prevented activity-dependent changes in synaptic strength [55]. The high Ca2+ 

permeability of NMDA receptors over other non-NMDA receptors, coupled with the knowledge of their 

sensitivity to synaptically released glutamate made NMDA receptors primary candidates for mediators of 

intracellular Ca2+ signals important for synaptic changes [56-58]. 

The ability of NMDA receptors to respond to a diverse array of cellular stimuli allows these channels to 

function as crucial signaling nodes in the neuron to integrate these various inputs. The sensitivity ofNMDA 

receptors to the membrane voltage is imparted by the constitutive block by Mg2+ in the pore which is 

released during depolarization [59,60]. During an EPSC event initiated by vesicular glutamate release, the 

blocking Mg2+ ion is alleviated by the initial depolarization generated by AMP A receptor activation and 

resultant Na+ influx. This allows Ca2+ entry which activates intracellular kinases, CaMKII and PKC, which 

control the surface expression ofpostsynaptic AMP A receptors to increase or decrease the EPSC amplitude 

to control long-term potentiation (LTP) and depression (LTD), respectively. However, the postsynaptic 

depolarization experienced by NMDA receptors can occur via the back-propagation of the action potential 

into the dendritic arbors. The ability of NMDA receptors to respond to postsynaptic action potentials 

provides the basis of spike-timing dependent plasticity. The sensitivity to synaptic inputs tends to become 

strengthened when the input immediately precedes the output action potential. Conversely, the synaptic 

strength is weakened when the EPSC immediately follows the output action potential. 

During development, the establishment and maintenance of mature neuronal networks depends on the 

activity-dependent pruning of synaptic circuits. The coordination between excitatory and inhibitory inputs 

dictates the extent of structural plasticity of dendritic spines [ 61]. NMDA receptor-dependent processes 

involved in synaptic plasticity, LTP and LTD, are associated with synaptic spine development. LTP and 

LTD are associated with dendritic spine enlargement and shrinkage, respectively [ 62-64]. 
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Figure 1.3 (Left) Exemplar excitatory postsynaptic current (EPSC) evoked by a transient fluctuation of 
extracellular glutamate concentration from a synaptic event. (Right) The same EPSC (dashed line) 
deconstructed into individual components mediated by NMDA receptors and non-NMDA receptors (eg. 
AMPA receptors). 
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The composite model for synaptic strengthening involves NMDA receptors responding to high amplitude, 

brief glutamate concentration released at high frequencies . The resultant activation of NMDA receptors 

initiates MAPK signaling to induce LTP in hippocampal synapses [65-68]. The Ca2+ influx into the 

dendritic spine through NMDA receptors activated from high frequency stimuli recruits CaMKII. This 

activation of CaMKII results in the phosphorylation of AMP A receptors to increase their unitary 

conductance [69] and facilitate trafficking and insertion to the membrane [70]. In contrast, lower frequency 

synaptic stimuli are associated with LTD. The association between LTD and dendritic spine shrinkage led 

to the hypothesis that the magnitude of Ca2+ influx induced by low frequency stimuli activates protein 

phosphatases ( calcineurin and protein phosphatase l) in the dendritic spine which reduce AMP A expression 

and induce spine shrinkage [71]. In addition to this model of synaptic weakening, low amplitude, steady 

glutamate concentration (as from spillover from neighboring spines) selectively activate Type I 

metabotropic glutamate receptors (mGluR) which trigger protein phosphatase 2A to initiate AMPA receptor 

removal [72-74]. This model ofNMDA receptor involvement in synaptic plasticity accounts for synaptic 

excitatory/inhibitory coordination among a region of proximal dendritic spines. 

However, the recent evidence that agonist binding alone was sufficient to induce LTP independent of ionic 

flux lead to the hypothesis that ionic flux may not be involved in spine shrinkage [75-77]. Consistent with 

this hypothesis, glutamate uncaging at LTD-inducing frequencies in hippocampal slices in the presence of 

NMDA channel blocker MK-801 did not interfere with dendritic spine shrinkage [77]. Thus, structural 

rearrangements in the cytoplasmic domain ofthe NMDA receptor channel are sufficient to alter intracellular 

biochemical signals to initiate both functional and structural changes in spines. 

1.2.2.2 Role in the neuronal presynaptic signal 

The existence ofpresynaptic expression of functional NMDA receptors was proposed upon the finding that 

glutamate and aspartate release in CAI hippocampal slices was depressed by Mg2+ and NMDA receptor 

antagonists [78]. Thus, unlike their postsynaptic counterparts which determine the direction and amplitude 

of long term plasticity, presynaptic NMDA receptors influence neurotransmitter release and short-term 

12 



plasticity in addition to long-term plasticity. Presynaptic modulation of neurotransmitter release has been 

hypothesized to occur by several mechanisms: 1) Ca2+ influx via NMDA receptors directly activating 

vesicle fusion machinery, 2) membrane depolarization which activates voltage-gated Ca2+ channels coupled 

to vesicle fusion machinery, or 3) modulation of downstream signaling pathways. 

The spontaneous release of neurotransmitter can be either Ca2+-dependent or independent. Given the high 

permeability of NMDA receptors for Ca2+, it is likely that presynaptic regulation by NMDA receptors is 

largely Ca2+ driven. However, emergent evidence has indicated that, at specific synapses, presynaptic 

NMDA receptors exhibit a tonic enhancement of transmitter release [79-83]. This tonic enhancement likely 

involves NMDA receptor activation by ambient glutamate. In addition, to further allow for tonic activation, 

the incorporation ofreceptor subunits with reduced Mg2+ sensitivity has been reported [84-86]. 

Unlike spontaneous transmitter release which is stimulus-independent, the role of NMDA receptors in 

evoked neurotransmitter release is optimized to facilitate glutamate release at specific brain region-specific 

stimulation frequencies. NMDA receptors in the visual cortex enhance glutamate release at 10 Hz [80,87], 

while receptors in the cerebellar fiber-to-Purkinje cell synapses are optimized between 40 Hz and 1 kHz 

[88]. In hippocampal CA3-to-CA1 synapses, presynaptic NMDA receptors facilitate glutamate release at 

theta-like, 5 Hz, frequencies [89]. Thus, the ability ofpresynaptic NMDA receptors to be attuned to specific 

frequencies likely reflects brain region-specific subunit expression patterns and regulatory elements similar 

to their postsynaptic counterparts. 

Less understood is how presynaptic NMDA receptors modulate long-term plasticity. At L4-to-L2/3 

synapses in the somatosensory cortex, spike timing-dependent LTD required the activation of presynaptic 

NMDA receptors while LTP required only postsynaptic NMDA receptors [90]. In addition, this LTD 

required activation of voltage-gated Ca2+ channels, IP3 receptors, metabotropic glutamate receptors and 

subsequent engagement of downstream endocannabinoid signaling. However, L4-to-L2/3 synapses of the 

barrel cortex showed the same endocannabinoid signaling requirement [84,91 ,92]. Therefore, the role of 

presynaptic NMDA receptors in modulating long term plasticity likely depends on synapse-specific factors. 
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1.2.2.3 Role in development 

The spatiotemporal developmental profiles of each NMDA receptor subunit is complex and dictates the 

identity of subunits incorporated into functional channels and, therefore, the excitability properties of the 

neuron (Figure 1.4). The GluNl gene is expressed ubiquitously throughout the embryonic and adult brain 

owing to the obligatory role of GluNl in NMDA receptor function. However, several differential regional 

and subcellular distributions patterns among GluNl splice variants have been identified [93]. GluNl splice 

variants also exhibit differential spatiotemporal expression profiles [94]. The GluNl-2 isoform is enriched 

in cortical and hippocampal regions where the GluNl-4 isoform exhibits a complementary profile (Figure 

1.5) [95]. Within a given neuron, GluNl-1 localizes to synaptic regions compared with GluNl-2, which is 

found in non-synaptic regions [96]. This may reflect differences in cytoplasmic domain sequences that are 

critical for synaptic targeting such as binding to Neurofilament-L [97] and PDZ proteins [98]. The 

functional significance of these distributions is unknown as no differences in electrophysiological 

properties have been identified. However, GluNl-a and -b isoforms have differential kinetic and 

pharmacological properties [99,100]. Also, spinal cord injury models exhibit increased expression of 

GluN 1-a variants [ 101]. 
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Figure 1.4: Spatiotemporal Regional and developmental expression of GluN2 subunits in rat brain revealed 
in autoradiograms using in situ hybridizations of oligonucleotide probes for the relevant mRNAs to 
parasagittal sections. PO, postnatal day O; P7, postnatal day 7; Pl2, postnatal day 12. Figure adapted from 
[102]. 
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During embryonic development, the GluN2B, GluN2D, and GluN3A subunits predominate [23,103,104]. 

Across the first two postnatal weeks, GluN2B maintains a high expression level but becomes restricted to 

the forebrain. GluN2D expression drops into adulthood with restricted expression in diencephalon and 

mesencephalon. GluN3A expression peaks in early postnatal development before gradually diminishing. 

During development, GluN2A expression gradually rises ubiquitously throughout development. GluN2C 

expression begins later in development with spatial restriction to the cerebellum and olfactory bulb. Finally, 

the GluN3B subunit slowly increases during development. Although the physiological roles of these 

developmental shifts are still unknown, disruption of the developmental course of these regional expression 

profiles has substantial impacts on behavior. For example, Grin] gene knockout mice that are unable to 

express the obligatory GluNl subunit are embryonic lethal [l 05] whereas mice expressing only 5% of 

normal Grin] gene product display schizophrenia-like behaviors [l 06]. Grin] knockout mice ectopically 

expressing only one GluNl splice variant throughout the brain at normal levels have lower body weights 

and display sickly behaviors [ 107]. Conversely, GluN2B overexpression in the forebrain resulted in 

enhanced receptor activation and better performance on cognitive tasks [ 108]. 

1.2.2.4 Role in glial cells 

Since their discovery, the majority ofresearch efforts have focused on the eminent role ofNMDA receptors 

in neuron physiology and plasticity. However, emerging research is providing evidence of ionotropic 

glutamate receptor expression in a much wider array of cell types the previously appreciated. Besides 

neurons, the prominent cell class within the CNS are glial cells. The cells are charged with the task of 

maintaining homeostasis in the CNS. Glia achieve this by regulating K+ levels, acidity, neurotransmitter 

levels, cerebral blood flow, antioxidant formation, and water transport. In order to precisely and accurately 

tune neural activity, glial cells must have a mechanism to sense this activity before responding accordingly. 

Glial expression of ionotropic glutamate receptors imparts on the cells the ability to sense synaptic 

concentration and duration of glutamate, the main excitatory neurotransmitter. 
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Figure 1.5: (A) Linear representation of the GluNl polypeptide chain for eight alternative splice variants. 
GluNl subunits are composed of the amino-terminal domain (ATD), SI and S2 segments that form the 
ligand binding domain (LBD), three transmembrane helices (Ml , M3, and M4) and a membrane reentrant 
loop (M2), and the intracellular carboxyl-terminal domain (CTD). The Nl cassette (blue) is 21 amino acids 
in the ATD encoded by exon 5. The Cl cassette (yellow) is 37 amino acids in the CTD encoded by exon 
21 , while the C2 cassette (orange) is 38 amino acids in the CTD encoded by exon 22. Deletion of exon 22 
creates a shift in the open reading frame, resulting in the alternate exon 22' that encodes the C2' cassette 
(red; 22 amino acids). (B) Regional and developmental expression of GluNl splice variants in rat brain 
revealed in autoradiograms using in situ hybridizations of oligonucleotide probes for the relevant mRNAs 
to parasagittal sections. Ac nucleus accumbens, Cb cerebellum, Cp caudate-putamen, Cx cortex, DG 
dentate gyrus, DP dorsal pons, Hi hippocampus, Ob olfactory bulb, Th thalamus, VPn ventro-posterial 
thalamic nuclei. Adapted from [94]. 
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The first evidence of glial NMDA receptors came from work on astrocytes using methods to detect mRNA 

levels from adult rats. However, while GluN2B and C transcripts were found, no GluNl , the obligatory 

subunit, was detected [102,109,110]. Subsequent work in young and newborn animals revealed the 

expression of GluNl transcripts which downregulated during culture, suggesting the methods of cultivation 

may affect gene expression. Human astrocytes have been shown to possess all known NMDA receptor 

subunit mRNA [111]. 

In addition to RNA expression, protein expression of GluNl and GluN2A/B subunits has been confirmed 

in astrocytes from the visual cortex by electron microscopy of immunolabeled subunits [112,113] as well 

as in the amygdala, stria terminalis, and nucleus locus coeruleus [114,115]. However, no immunoreactivity 

was detected in CAI of the adult hippocampus [116,117]. Thus, the expression of functional NMDA 

receptors on astrocytes may be brain region-specific. 

In addition to astrocytes, transcripts of GluNl and GluN2D were identified in the CG-4 oligodendroglial 

cell line [ 118]. The expression ofNMDA receptor subunits in oligodendrocytes was definitively confirmed 

in mouse oligodendrocytes where transcripts for GluNl , GluN2A-D, and GluN3A were detected with 

GluNl , GluN2C, and GluN3A being most abundant [119]. Electrophysiological studies provided direct 

evidence that these transcripts yielded functional receptors in white matter oligodendrocytes in the 

cerebellum, corpus callosum and rat optic nerve [120-122]. Interestingly, these NMDA-evoked responses 

were largely restricted to the cell processes rather than the soma. 

Another pioneering study suggested the expression ofNMDA receptor subunits on polydendrocytes using 

neonatal rat oligodendrocyte precursors [123]. This initial finding was later confirmed with the detection 

of GluNl on O4-positive polydendrocytes in both human and postnatal rat white matter [124]. In addition, 

GluN2A and C subunits were found on somas and processes of polydendrocytes in the transgenic NG2-

dsRed mouse [125]. 

Microglia have also been found to express NMDA receptors. Injection ofNMDA into the somatosensory 

cortex of rats lead to the transient activation of microglia as determined histologically [ 126]. This finding 
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was substantiated when expression of GluNl and GluN2A-D transcripts were detected in microglia [127]. 

The physiological relevance of these findings remains to be elucidated. 

1.2.2.5 Possible roles in other cell types 

Less well understood is the role of NMDA receptors in non-neuronal cell types. Recently, functional 

NMDA receptors have been discovered on erythrocytes, specifically erythroid precursor cells and immature 

red blood cells, reticulocytes. Activation led to a rapid increase in intracellular Ca2+ [128]. The function of 

NMDA receptors on erythrocytes is not understood. However, channel activation also modulates 

intracellular pH which is critical for hemoglobin oxygen affinity. Thus, NMDA receptors may play a role 

in tuning the availability of oxygen to peripheral tissues [ 129]. 

In addition to red blood cells, neuroepithelial cells which constitute part of the blood brain barrier have also 

been shown to express GluNl and GluN2A/B subunit transcripts and protein from human hypothalamic 

sections. Whether these subunits constitute functional receptors remains to be elucidated [130]. 

Both the endogenous ligand for NMDA receptor activation and its source in these peripheral tissues is less 

clear. However, a recent report that NMDA receptors expressed on astrocytes can activate from mechanical 

stress upon cellular deformation in the absence of agonist may provide an important clue as to how these 

channels function in non-neuronal tissues [ 13 l]. 

1.2.3 Functional Properties of NMDA receptors 

1.2.3.1 Properties ofMacroscopic Currents 

Complete characterization of the biophysical characteristics of the NMDA receptor component of the 

excitatory postsynaptic potential (EPSP) was achieved first by isolating the component from AMP A 

receptor currents using cyanquixaline (CNQX), a competitive AMP A/kainate receptor antagonist 

[132,133], and then by recording in saturating glycine, Mg2+ free conditions [134,135]. The NMDA receptor 
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component of the EPSP has a long-lived timecourse relative to the non-NMDA component (Figure 1.3). 

In hippocampal neurons, the rise times for NMDA receptor currents ( l 0 - 50 ms) are orders of magnitude 

slower relative AMPA receptors (0.2 - 0.4 ms). the NMDA receptor component of the EPSC decays with 

biphasic kinetics over a period of50- 500 ms compared to 2 ms for AMP A receptors [136]. This timecourse 

is significantly longer than the rate of glutamate clearance from the synaptic cleft (1.2 milliseconds) [137]. 

While it was originally hypothesized this prolonged current decay reflected the unbinding of glutamate, 

paired applications of agonist with competitive antagonists confirmed that the decay of the macroscopic 

current could be attributed to the intrinsic gating kinetics of the channel rather than unbinding of agonist 

[136]. 

This electrical signal which persists after the removal of the synaptic input stimulus has crucial implications 

in synaptic development and function. Importantly, recombinant expression of pure NMDA receptor 

subtype populations have revealed that different subtypes exhibit different functional properties as 

exhibited by their macroscopic currents in response to brief pulses of glutamate [138] (Figure 1.6A). Given 

the region-specific expression of NMDA receptor subunits, these functional differences may impart 

important cell-type specific excitabilities in response to synaptic transmission. 

1.2.3.2 Properties ofMicroscopic Currents 

NMDA receptors possess a large unitary Na+ and Ca2+ conductance [139,140]. GluN2A and GluN2B

containing receptors have robust single unitary Na+ conductance through the channel in the absence of 

external divalent metals. In contrast, GluN2C and GluN2D-containing receptors exhibit smaller unitary 

amplitudes as well as prominent subconductance amplitudes (Figure 1.6B). In addition, each subunit 

exhibits substantially unique gating kinetics that reflect the subtype-specific properties of the macroscopic 

current (Figure 1.6A). 
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Figure 1.6: (A) Whole-cell patch-clamp recordings of responses from brief application of glutamate (1 ms 
of 1 mM glutamate) to recombinant diheteromeric NMDA receptor subtypes expressed in HEK293 cells. 
The open tip current indicating the duration of the drug application is shown in the upper trace. Adapted 
from [138]. (B) Single-channel recordings of currents from diheteromeric NMDA receptor subtypes 
expressed in HEK293 cells (outside-out membrane patches). Open probability is - 0.5 for GluNl/2A, - 0.1 
for GluNl/2B, and <0.05 for GluNl/2C and GluNl/2D. Highlights of individual openings are shown on 
the left. GluNl/2A and GluNl/2B have higher channel conductance (- 50 pS) compared to GluNl/2C (- 22 
and - 36 pS) and GluNl/2D (- 16 and - 36 pS). Adapted from [141]. 
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The Ca2+ conductance measured in high external [Ca2+] solutions is ~20 pS. In addition to the postsynaptic 

membrane depolarization that results from NMDA receptor ionic current, this influx generates a high 

amplitude postsynaptic Ca2+ signal within the compartment of the dendritic spine. By experimentally 

uncaging glutamate over a single dendritic spine, the NMDA receptor mediated rise in intracellular Ca2+ 

can reach bulk amplitudes of l - l 0 µM depending on endogenous Ca2+ binding proteins [7]. The high 

amplitude of this Ca2+ signal is due in large part to the substantial Ca2+ component of the unitary current. 

This is reflected in the experimentally measured high Ca2+ permeability ofNMDA receptors [139,142,143]. 

Compared to the relatively low unitary amplitudes of synaptic voltage-gated Ca2+-channels, NMDA 

receptors are the predominant source of Ca2+ in dendritic spines from a variety of brain regions [144]. 

Similar to the NMDA receptor macroscopic current, the intracellular Ca2+ transients generated by NMDA 

receptor activation also decay over a period of several hundred milliseconds [145,146]. The persistent time 

course of this signal is due, in part to the slow gating kinetics ofNMDA receptors [136,147]. 

In addition to the importance of the Ca2+ component of the current, the major current carrier in NMDA 

receptors is Na+. Ratiometric Na+ imaging has shown transient NMDA receptor activation can raise 

dendritic spine Na+ concentrations as high as 30 - 40 mM while high frequency stimulation can induce rises 

as high as 100 mM [148]. These high NMDA receptor-mediated Na+ loads were also observed during 

epileptic activity [149]. These substantial alterations in the Na+ electrochemical gradient can significantly 

influence excitatory synaptic current reversal potentials as well as influence global neuronal activity by 

membrane depolarization and affecting the activity of Na+ transporters [150,151]. Surprisingly, increases 

in intracellular Na+, itself, can alter NMDA receptor function. Single-channel recordings revealed that Na+ 

influx through neighboring glutamate receptors boosted the NMDA open probability. Pharmacological 

manipulation of Src kinase activity revealed that the sensitivity to intracellular Na+ is determined by Src 

kinases [152]. 
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1.2.4 Developing kinetic models of NMDA receptor function 

1.2.4.1 Modeling macroscopic currents 

Ion channel behavior was first described by a simple kinetic model with discrete states representing unique 

functional states of the molecule and associated transition probabilities or rates describing the fluctuations 

between them (Figure 1.7A) [153]. This early model was used to describe the transitioning between open 

and closed conformations. As with all ligand-gated channels, the NMDA receptor activation reaction must 

include an agonist-binding reaction and a pore-opening reaction, which are linked. For each elementary 

reaction, relatively simple mathematical relationships define how the postulated states become occupied in 

time. With a mechanism in hand, experiments can be designed to measure system-specific parameters such 

as ligand affinity and response kinetics. However, when linking two such elementary reactions, 

thermodynamic arguments impose reaction cycles and the number of parameters that define the state 

occupancies in time and the complexity of their mathematical relationships increases rapidly, rendering the 

system opaque to experimental observation [154]. In practice, mechanisms of ligand-gated channels are 

rarely represented with full thermodynamic models; instead, empiric simplifications are sought. 

For NMDA receptors a proposed mechanism must account for three critical observations. First, activation 

requires two agonist molecules [155] and agonist affinity impacts the decay kinetics [136] ; second, 

competitive antagonists prevent glutamate-elicited currents if applied prior to the glutamate stimulus, but 

are ineffective if applied after the agonist is removed[136] ; and third, during sustained glutamate exposure, 

NMDA receptor currents decline substantially from an initial peak level (lpk) to a steady-state level (lss) 

[135]. With these considerations, two glutamate binding steps must precede channel openings; channels 

must close before glutamate can dissociate; and glutamate-bound receptors can desensitize. To account for 

these observation, Lester and Jahr [156] proposed a glutamate activation model where receptors (assumed 

saturated with glycine) bind sequentially two molecules of glutamate and the resulting doubly-liganded, 

closed receptors (C) can isomerize into either active (0) or desensitized (D) conformations from which 

glutamate cannot dissociate (Figure 1.7B). By fitting this model to synaptic-like macroscopic responses 
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one can estimate rate constants for the binding, gating, and desensitization equilibria [ 156-158]. This model 

has been expanded to incorporate glycine binding/dissociation steps [155,159], and over the past 20 years, 

versions were used to characterize and differentiate native and recombinant NMDA receptors, to identify 

the rate constants sensitive to drugs and mutations, and will continue to be useful for comparison and 

classification purposes [155,156,160-165]. However, if used to simulate single-channel currents, this 

conceptual model predicts open and closed duration distributions with no obvious relationship with 

experimental observations [ 141 ,166-1 72]. 

1.2.4.2 Modeling microscopic currents 

At the single molecule level, NMDA receptors are relatively easy to detect due to their robust unitary 

conductance in ideal conditions. However, their opening patterns are complex and rich with information. 

When classified by their lifetimes, each ofthe open and the closed events have multiple kinetic constituents, 

indicating that the reaction mechanism must include several open and closed states [173-176] (Figure 

1.7C). To manage this complexity, experimental conditions are used to sample only selected portions of 

the activation mechanism. For example, when stimulated with brief synaptic-like pulses, or when 

equilibrium activity is recorded in very low agonist concentrations, receptors cycle primarily among states 

that directly connect the resting and open states, thus, providing clues about the activation/deactivation 

sequence. Alternatively, when equilibrium activity is recorded in very high agonist concentrations, 

receptors are largely liganded and desensitized events can be separated statistically, to focus on the 

activation/deactivation pathway. 

In synaptic-like recordings, data show two principal closed durations, strongly indicating that the 

activation/deactivation pathway must include at least two closed and one open states [177]. In equilibrium 

recordings, where many more events can be captured, data show three closed and two open states, thus, 

expanding the activation/deactivation portion of the mechanism to a minimum of five states [147,178]. The 

order in which these states are accessed is not immediately obvious, and few experimental observations 

serve to limit the many possible arrangements. First, NMDA receptors have relatively long latency to 
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opening, thus favoring a mechanism where (at least) two slow transitions through closed states precede 

opening [177]. Second, statistical arguments indicate that the two open states are most likely connected 

[147]. However, these requirements are fulfilled by both cyclic [168,179-181] and linear [147,178] 

arrangements, and cannot be discriminated on statistical grounds. Therefore, the order in which kinetic 

transitions occur and their physical correlates remain to be established. For simplicity, we will use here the 

linear activation sequence. 

This linear model has been expanded to include glutamate-binding steps [178,182,183], thus providing a 

more accurate tool to measure microscopic binding kinetics in separation from gating transitions; and with 

glycine binding steps [ 184]. Last, equilibrium activity recorded with an allosteric modulator that selectively 

stabilized desensitized states provided evidence for two separate desensitization steps, which are most likely 

accessed from separate pre-open states [ 185]. Even when ignoring glycine binding, the resulting model 

with 9 states (7 closed and 2 open) and 14 independent rate constants is too complex to be fully determined 

by measurements under a single experimental paradigm. Instead, the full model is assembled in steps, by 

first deriving topologies and rates for specific portions of the mechanism and then testing its predictions 

against a battery of macroscopic behaviors, which includes dose response, frequency response, kinetics of 

synaptic-like response, desensitization and resensitization kinetics, etc. 
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Figure 1.7: (A) (Left) Simplest kinetic model describes channel gating as a random transition between open 
and closed conformations upon ligand binding. (Middle) Simulations from this model predicts a 
monoexponential decay in the current in response to brief exposure to agonist. (Right) In saturating agonist, 
the two-state model predicts that single-channel closed event durations follow a monoexponential 
probability distribution. (B) (Left) Conceptual addition of a second closed state to account for 
desensitization. (Middle) Simulations from this model predict monoexponential decay in the current in 
response to brief agonist exposure. (Right) Additional closed state results in additional longer-lived closed 
event lifetimes as channel desensitizes. (C) (Top, left) Current trace recorded from a channel exposed to 
high concentrations of agonists (Glu, Gly) in the absence of divalent cations (Na+ currents) illustrates 
stochastic oscillations between O and 10 pA levels. (Bottom, right) Dwell-time distributions for closed 
events (black) and open events (red). (Right) Kinetic model derived from exponential fits to dwell-time 
distributions. C, closed; 0 , open. 
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1.2.4.3 Modeling heterogeneous channel gating 

Since the earliest observations ofunitary currents in biological preparations, it was apparent that they were 

kinetically heterogeneous, containing distinct and randomly recurring activity patterns referred to as modal 

gating. Little is known about NMDA receptor modal gating because (1) modes can only be discerned and 

separated in microscopic current records, (2) long observation windows are necessary to observe modes, 

and (3) their number and duration varies from one record to the next. Further, for heterogeneous portions 

in the record to reflect a true mode shift, the recorded signal must originate from the same channel thus 

requiring recordings from one-channel patches. Despite these impediments, evidence is accumulating that 

modal gating is a universal property of ion channels that shapes their functional output [186-188]. 

For NMDA receptors three modes have been reported to date (Figure 1.8A), which can be classified by 

open probabilities into low (L ), medium (M), and high (H) [ 189]. Modes were first noted in NMDA receptor 

records as relatively short periods of high open probability [ 56]. During a given mode the current is well 

described by schemes having the same number and arrangement of states as the 'average' model but with 

distinct sets of rate constants [178,182,190]. Thus, a tiered model was proposed (Figure 1.8B) where the 

channel always operates with the same basic mechanism whereby opening is initiated by two sequential 

and identical glutamate-binding steps followed by a gating sequence of three closed and two open states, 

and two desensitized states. Although the mechanism that produces modal behavior is unknown, evidence 

supports a role for modal transitions in setting the NMDA receptor response decay kinetics. 

Glutamate dissociation and receptor desensitization have been the only factors demonstrated to control the 

kinetics of NMDA receptor current decay [136,156]. However, using single-channel recordings obtained 

at several equilibrium subsaturating concentrations of glutamate, and after separating activity by mode, it 

was ascertained that although each mode predicted responses with distinct decay times (Figure 1.8B) 

neither glutamate binding/dissociation rate constants, nor desensitization/resensitization rate constants 

changed with gating mode [178,182]. Notably, the decay time constants predicted by the low and medium 

modes (TL, TM), were close in value to the fast and slow components of the biphasic synaptic decay (Tr, Ts), 
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respectively (Figure 1.8C). These observations supported the hypothesis that the biphasic nature of the 

EPSC decay reflects receptor populations that gate in separate modes and, therefore, may be controlled by 

changing the relative fraction of channels occupying each mode. 

This premise was tested by recording one-channel currents in response to brief glutamate pulses. If indeed, 

the population response originates from a mixture of kinetically distinct receptors, the summation of 

synaptic-like unitary currents should display bi-exponential decay only when the recorded sequence of 

activations contains more than one modal shift. Long recordings from one-channel patches stimulated 

continuously with synaptic-like pulses clearly showed activations with distinct open probabilities. 

Consistent with the rare occurrence of modal shifts, activations with similar kinetics tended to occur in 

runs; importantly, when segregated by open probability (mode), the average current of unitary activations 

decayed with mode-specific mono exponential time course [ 191] . These results support the present view that 

the characteristically biphasic decay of synaptic-like NMDA receptor currents reflects an underlying 

heterogeneity in receptor activation mode at the time of stimulation. 
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Figure 1.8: (A) Example record of GluNl-la/GluN2A single-channel gating. Channels stochastically 
interconvert among at least three distinct patterns of gating with distinct kinetics and open probability (Po): 
low (green), medium (yellow), and high (red) modes. (B) (L eft) Tiered model of channel gating accounts 
for stochastic transitions between different modes of gating patterns. (Middle) Each mode separately 
predicts decay times that span several orders of magnitude. (Right) Single-channel currents exhibit 
substantially different open duration distributions. (C) Simulated macroscopic current (black) using kinetic 
model exhibits biphasic decay in fast (green) and slow (yellow) components consistent with the decay times 
of Low and Medium mode. 

29 



1.2.5 Structural determinants of function 

Functional NMDA receptors contain two obligatory GluNl subunits (formerly known as NRl or t.;; l in rat 

and mouse, respectively), and either two GluN2A-B subunits (formerly known as NR2A-B or£ 1--4, in rat 

and mouse, respectively) or two GluN3A-B subunits (formerly known as NR3A-B). In vertebrates, seven 

genes encode the known NMDA receptor subunits. A single gene encodes the obligatory GluNl , glycine

sensitive subunit. This subunit is subject to alternative pre-mRNA splicing events within the cytoplasmic 

C-terminal domain (exon 21 - 23) and the extracellular N-terminal domain (exon 5) resulting in 8 distinct 

functional variants. Four genes encode the GluN2A - D glutamate-sensitive subunits. Lastly, two genes 

encode the glycine-sensitive GluN3A - B subunits. 

Since the advent of single-channel patch clamp, various NMDA receptor subtypes have been functionally 

characterized with exquisite detail. Both optical and electrophysiological data have shown NMDA receptor 

behaviors to be more complex [ 192]. Recently, near full-length structures of several NMDA receptors have 

emerged revealing common subunit topology and architecture (Figure 1.9A). However, the vast differences 

in functional differences between subtypes suggests that these properties emerge from subtle differences in 

interdomain interfaces. Indeed, the recent structures highlight a number of allosteric interfaces between and 

within subunits (Figure 1.9B). 
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Figure 1.9: (A) (L eft) Seven mammalian NMDA receptor subunits share common subunit domain 
organization and (right) membrane topology. (B, left) Diheteromeric NMDA receptor of GluNl (yellow) 
and GluN2B (cyan) subunits. Subunit domains exhibit a twisting, domain-swapping tertiary architecture. 
(Middle) View of each isolated domain viewed from the top. (Right) Schematic representation of isolated 
domains to indicate intra- and intersubunit interfaces. la indicates GluNl subunit and 2B indicates GluN2B 
subunit. Subscript indicates number of subunit. 
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1.2.5.1 Activation/Deactivation 

Much of our current knowledge of the structure-function relationships for glutamate receptors comes from 

the historical emphasis on structural studies of isolated ligand-binding (LBD) and amino-terminal domains 

(ATD) due to their water solubility facilitating their crystallization [ 193] and preparation for NMR studies 

[194] versus other domains or intact receptors. Nevertheless, these domains have been identified as having 

key roles in the gating mechanism ofNMDA receptor channels. 

In order for NMDA receptors to transduce presynaptic activity into a postsynaptic signal, the NMDA 

receptor must transduce extracellular ligand binding into gating of the channel pore. Thus, identification of 

a structural element, which couples ligand binding to channel gating, has led to the hypothesis that 

mechanical forces transmitted from LBD cleft closure regulate opening of the channel gate. Because the 

LBD directly links to the M3 transmembrane pore-forming helix of the GluN2 subunit makes M3 a likely 

candidate [195]. Consistent with this, inserting additional glycine residues into the LBD/M3 linker to 

relieve mechanical tension in the linker also selectively impaired the ability ofNMDA receptors to activate 

to agonist transients in excised patches [196] (Figure 1.10A). Desensitization was unaltered in these 

channels. Thus, the ability for the closure in the LBD clefts upon glutamate binding to transduce to the pore 

is critical in responding to brief, synaptic inputs. Recently, cryo-EM structures of intact GluNl/GluN2B 

receptors in inactive and active conformations reveal that each LBD heterodimer pair undergoes a 

substantial 13 .5 degree rotation which places tension on residues comprising the LBD/TMD linker [197]. 

Recently, molecular modelling of the transition pathway of activation based on these cryo-EM structures 

predict a substantial wave of molecular motions that transmit from concerted motions of the ATD and LBD 

transmitting to the pore through the S2-M3 linkers [198] (Figure 1.10B). 
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Figure 1.10 (A) (Left) Schematic of NMDA receptor indicating position of glycine insertions in GluNl 
(blue) and GluN2A (red) subunits. (Right) Single-channel currents in excised patches exposed to brief 
pulses of glutamate. Compared to wild-type, glycine inserts impair ability of channel to activate. Adapted 
from [196]. (B) (Left) Highlighted in grey, three conformations ofGluNl/GluN2B receptors observed with 
cryo-electron microscopy likely represent closed (Cx, Cy) and open (0) receptors (PDB 5FXH, 5FXI, and 
5FXG); they are arranged in a temporal sequence that may underlie receptor gating. (Right) Molecular 
modelling and dynamic simulations of GluNl/GluN2A receptor suggest a temporal sequence of 
intramolecular conformational change by which closed conformations can transition into open 
conformations. Heat map illustrates the magnitude of change in alpha-carbon positions between closed and 
open states, and identifies hot spots of conformational change. Generated with data from [ 198]. 
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Despite the valuable insights the intact structure of a GluA2 receptor has provided for studying NMDA 

receptors [19], the first indication that AMP A receptor structural studies may not be applicable to 

extrapolating NMDA receptor structure came when comparison of non-NMDA [199-202] and NMDA 

[203-205] amino-terminal domain structures revealed large differences in structure and interactions. This 

was confirmed when two independent crystal structures of intact GluNl/GluN2B receptors revealed that 

NMDA receptors existed in a more compact architecture with more extensive series of inter- and intra

subunit interactions [ 17,18]. This extensive network of interactions has been speculated to underlie some 

functional differences between NMDA and AMP A receptors. 

The first structure of an isolated NMDA receptor amino-terminal domain came from the Furukawa group 

using GluN2B constructs [204] and later using GluNl constructs [205]. It was known that the amino

terminal domain was important for channel function as being a primary binding site ofallosteric modulators 

such as Zn2+ [206], protons [207], and polyamines [208]. However, even in the absence of such modulators, 

truncation of the GluN2A amino terminal domain prolonged the deactivation time course of the current 

[ 141]. Chimeric constructs of the GluN2 subunit indicated that the GluN2D amino-terminal domain 

prolonged GluN2A deactivation, while the GluN2A amino-terminal domain shorted the GluN2D 

deactivation. This suggests that the amino-terminal domain can influence channel function through 

allosteric interactions with other domains of the channel. Subsequent studies that the GluN2 amino-terminal 

domain acts via a linker between the amino-terminal domain and the D 1 region ofthe ligand binding domain 

[141 ,209]. 

The importance of inter- and intradomain interfaces in NMDA receptor function was recognized in a study 

of recombinant NMDA receptors which demonstrated that Zn2+ affinity at the ATD is modulated by 

glutamate binding in the LBD suggesting the presence of an allosteric interface between these domains 

[210]. Later work showed that restricting the relative mobility between LBD of GluNl and GluN2A with 

cysteine crosslinking specifically increased energy barriers to activation [211]. In contrast, the LBD AMP A 
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receptor interface has been identified as being critical for desensitization. Strengthening the interface 

reduces desensitization whereas increasing the relative mobility facilitates desensitization [212,213]. 

Comparing the GluNl/GluN2 interface revealed conserved praline residues (P532, GluNl ; P527, GluN2A) 

similar to pralines in AMPA receptors (P494). However, specific hydrophobic residues on GluNl (Y535) 

occupies a critical space in NMDA receptors that is normally occupied by channel-specific modulators in 

AMPA receptors that modulate deactivation [214]. Importantly, this residue forms hydrophobic contacts 

with neighboring sites on GluN2A. Increasing the hydrophobicity of this region to strengthen these contacts 

prolongs inactivation whereas decreasing the hydrophobicity of this residue accelerates inactivation in 

response to synaptic-like agonist pulses [215]. Decreasing the hydrophobicity of this region opens the 

accessibility of the site to pharmacological modulators that bind to the analogous position in AMP A 

receptors. Consistent with this, mutating this specific residue imparts NMDA receptor sensitivity to the 

AMP A receptor-specific modulator, aniracitam [215]. 

Due to the inherent limitations of recombinant subunit expression for mechanistic studies of channel 

function, much of our understanding of NMDA receptors comes from studying pure populations of 

diheteromeric channels. Physiologically, subunits can assemble in multiple combinations to form 

triheteromeric channels. Relative to diheteromeric structures [17,18], cryo-EM data of triheteromeric 

channel exhibits unique conformation that breaks the two-fold symmetry in diheteromeric channels [216]. 

Within the triheteromeric structure, the GluN2A had more extensive interactions with the GluNl subunit 

as compared with GluN2B suggesting a possible functional asymmetry. Of particular importance is the 

observation that the GluN2A n-terminal domain forms contacts with its own ligand-binding domain and 

that of GluNl whereas only the a5-a6 loop of the GluN2B N-terminal domain forms minimal interactions 

with GluNl. In addition, the transmembrane domain deviates from the 4-fold symmetry in diheteromeric 

structures due to a pushing of the GluNl M3 helix away from the central pore axis. Functional validation 

of this asymmetry became possible using a new molecular approach allowed the confident expression of a 

pure population of triheteromeric channels of GluNl/GluN2A/GluN2B subunits [24]. This approach 
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illustrated that triheteromers exhibit distinct kinetic and pharmacological properties from their 

diheteromeric counterparts. Using this technology, it was found that the GluN2A subunit functionally 

dominates the triheteromeric channel resulting in receptor with fast deactivation properties [217]. 

1.2.5.2 Desensitization 

Desensitization is has been defined as the decoupling of agonist binding to pore opening pathway. 

Functionally, this is experimentally observed as a decrease in the amplitude of the macroscopic current in 

the continual presence of agonist. In contrast to other members of the iGluR family, NMDA receptors 

exhibit incomplete desensitization. Desensitization has been shown to occur even in the presence of brief 

physiological synaptic stimulation [218]. Structural localization of NMDA receptor desensitization has 

been challenging. However, recombinant whole-cell recordings have shown that desensitization is 

controlled by the identity GluN2 subunit [219]. The GluN2A and GluN2B subunits exhibit steep 

desensitization whereas GluN2C- and GluN2D-containing channels do not exhibit desensitization. By 

exploiting this subunit dependence, experiments using chimeric GluN2A/C receptor subunits, it was first 

identified that the GluN2 amino-terminal domain and pre-Ml segment was critical for determining the 

extent of desensitization [220]. 

Recently, multiple sequence alignment of iGluRs from divergent phyla has revealed a highly conserved 

hydrophobic region, termed the 'Hydrophobic Box' (W526, F517, L521 , and Y616) in GluA2 [221]. 

Substituting AMPA-like residues into corresponding positions into the GluN2 subunit imparts on the 

NMDA receptor the near complete desensitization characteristic of AMP A receptors. In addition, a 

mutagenesis screen of tryptophan substitutions along the M4 segment of both GluNl and GluN2 revealed 

that this transmembrane segment is uniquely critical for desensitization in NMDA receptors [222]. The 

importance of the transmembrane domain in NMDA receptor desensitization has been further substantiated 

by identifying the ethanol binding site to reside within this domain which is known to alter channel 

desensitization kinetics [223]. 
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Figure 1.11 (Left) Kinetic model derived from single-channel recordings to include glycine binding steps 
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Other phenomena have been previously observed such that the reduction in macroscopic current is highly 

dependent on the concentration of glycine. This was known as 'glycine-dependent desensitization' and 

thought to occur from cooperativity between glutamate and glycine binding sites [155]. However, recent 

single-molecule analysis has allowed derivation of a kinetic model for agonist binding (Figure 1.11A). 

This model of independent agonist binding steps correctly predicts the macroscopic behavior previously 

known as 'glycine-dependent desensitization' (Figure 1.11B). Thus, the decay in the macroscopic current 

at low glycine concentrations results from unbinding of glycine[l 84]. 

1.2.5.3 Permeation 

Early work aimed at identifying structural elements governing NMDA receptor Ca2+ permeation was based 

on already identified motifs in AMPA receptors. The Q/R site of AMPA receptors, which is critical for 

determining the divalent permeability, was found to be homologous to asparagine residues along the re

entrant M2 helix in the transmembrane region of both GluNl and GluN2 in NMDA receptors [224,225]. 

Mutating these N-site asparagines identified them as critical determinants of both Mg2+ block and Ca2+ 

permeation [226]. 

In addition to the residues within the permeation pathway and membrane field, early identification of a low 

affinity, voltage-independent Ca2+ binding site external to the membrane field. By monitoring reversal 

potentials in solutions of varying ionic strength, it was found that a local net negative charge was a critical 

determinant of permeation. However, because the reversal potential also changed monotonically as the 

mole fraction of monovalent ion to impermeant cation changed, it was interpreted that NMDA receptor 

pores are singly occupied and the observed reduction in conductance in the presence of Ca2+ could be 

explained by a mole fraction effect where Ca2+ binding to residues in the pore could impede monovalent 

permeation. 

The further examination of single-channel conductance in wild-type and N-site mutant channels, however, 

suggested the observed effect of Ca2+ on conductance could be explained by an electrostatic mechanism 

[227]. Negative surface potentials strongly bind divalent metals. The resulting addition of positive charges 
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upon Ca2+ binding to this site lowers the local monovalent concentration and reduces the apparent channel 

conductance. Despite not directly a part of the permeation pathway, this putative binding site was likely to 

reside in a vestibule just above the pathway. 

Prior to the surge in crystallographic interest ofNMDA receptors, several studies used substituted cysteine 

accessibility with MTS reagents to map a structural model of this external vestibule [25,26]. Mutation of 

critical novel residues on M3 and M4 of the GluNl subunit identified from these scans confirmed a role for 

this vestibule in Ca2+ permeation. Guided by the hypothesis that local negative charges external to the 

membrane field play a role in Ca2+ permeation, more detailed mutagenesis of residues in this vestibule 

identified a region of strong electronegativity unique to NMDA receptors known as the DRPEER motif 

[228]. Mutagenesis of the aspartate and glutamate residues comprising this region substantially reduce the 

fractional Ca2+ current of individual channels. Other structural determinants of the NMDA receptor Ca2+ 

permeability have been identified in both the GluNl and GluN2 subunits at the narrow constriction formed 

by nonhomologous asparagine residues on the M2 segment [226,229]. This position is also critical 

determining the Mg2+ block. The enrichment of the unitary current for Ca2+ occurs in the external vestibule 

of the channel which is unique to NMDA receptors and has not been found in AMP A receptors given their 

low Ca2+ permeability [230]. 

This mechanism of Ca2+ permeation diverges from that of voltage-gated Ca2+ channels. Despite being 

similar sized ions, Ca2+ channels permeate Ca2+ over Na+ at a ratio of 1000: 1. However, small monovalent 

ions can pass the channel only in the absence of other divalent metals. This can be structurally explained 

by a multi-ion occupied pore. Ions with such a large discrepancy in affinity (1000-fold) would conduct 

equally well through a single-file, one ion pore since the higher affinity ion would have a 1000-fold 

throughput while simultaneously excluding the lower affinity ion during that time. Thus, a multi-ion pore 

mechanistically explains Ca2+ selectivity and permeation in voltage-gated Ca2+ channels. This model has 

been substantiated upon the identification of a locus of glutamate residues that line the permeation pathway 

(EEEE locus: E393, E736, El 145, El446). Mutating any one ofthese sites compromises the Ca2+ selectivity 
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of the channel, however, in a non-equivalent manner. This functional asymmetry in the EEEE locus has led 

to a mechanism of coordination of Ca2+ ions between these four residues to mediate permeation. 

Specifically, the two central glutamate residues have higher affinity to bind strongly with a single Ca2+ ion 

while lower affinity peripheral glutamates are free to bind a second incoming Ca2+ ion. Thus, the tightly 

bound Ca2+ ion may be further pushed through the filter via an electrostatic repulsion by the newly arrived 

Ca2+ ion. In addition, unlike K+ channels whose transmembrane domain also shares strong structural 

homology to NMDA receptors, the glutamate residues of the EEEE locus and residues of the NMDA 

receptor DRPEER motif interact with ions via their sidechains. In K+ channels, ions are coordinated through 

the pore by backbone carbonyl oxygens that line the pore [29]. These structural models have recently been 

validated via full-channel crystal structures of the voltage-gated Ca2+ channel [231 ,232] and NMDA 

receptor [ 17,18]. 

1.3 Non-ionotropic properties of NMDA receptors 

1.3.1 NMDA receptors are non-ionotropic signaling hubs 

In addition to the ionotropic component of the NMDA receptor-mediated postsynaptic signal, the large 

intracellular domains of the GluNl , GluN2 and GluN3 subunits forms a region ofnumerous protein-protein 

interaction sites. Thus, NMDA receptors can function as a crucial signaling hub in transduction pathways 

independent of the ionic current. 

Before recent evidence demonstrating structural rearrangements that occur independent of ionic current 

[75,76], the concept that NMDA receptors possess an inherent metabotropic function was not without 

precedent. Whole-cell recordings in HEK293 cells revealed that tyrosine dephosphorylation-dependent 

reduction in current amplitude was dependent on the number ofglutamate applications on the cell indicating 

use-dependence. However, when agonist was first consecutively applied in the presence of high external 
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[Mg2+], thus preventing ion flow, still produce similar reductions in current when solutions were switched 

to Mg2+-free solutions to record current [233]. This effect also mediated dendritic spine shrinkage [77]. 

Consistent with this, transgenic mice with truncated GluN2 cytoplasmic domains had no influence over 

permeation but significantly altered synaptic plasticity [234]. Additionally, animals in which the GluN2A 

cytoplasmic domain was swapped with the GluN2B led to severe behavioral deficits without altered 

synaptic transmission [53]. These results are consistent with recent single-channel analysis that removing 

the GluN2 cytoplasmic domain did not influence permeation [54]. Swapping GluN2A/B cytoplasmic 

domains in recombinant receptors did not alter the gating kinetics of these channels [54]. 

Recently, FRET studies using recombinant GluNl constructs with mCherry/GFP labeled intracellular c

terminal domains expressed in hippocampal neurons revealed that conformational shifts occur in the 

structure of the c-terminal domains of NMDA receptor complex upon sustained NMDA application or 

transiently evoked glutamate activation of NMDA receptors. AP5, competitive antagonist for glutamate, 

was sufficient to block the agonist induced conformational changes. However, pore blockers (MK801 and 

7CK) did not prevent these structural rearrangements. Thus, the conformational change occurred 

independently of inward channel current [75]. 

The cytoplasmic domains of each NMDA receptor subunit are also regions of extensive protein interactions. 

The GluNl subunit is a converging point of interaction between actinin [235], calmodulin [236], yotiao 

[237], neurofilament-L [97], spectrin [238], tubulin [239], and MAGUKs [98]. The GluN2 subunits 

collectively interact with CaMKll, actinin [235], PSD-93, PSD-95, SAP102 [240], S-SCAM [241], CIPP 

[242], Src [243], spectrin [238], PLC [244], and tubulin [239]. The GluN3A subunit associates with PP2A 

[245], MAPlB [246], CARP-I [247], GPS2 [248], and Rheb [249]. 

Therefore, in addition to the ionotropic roles of channel function, the extensive protein interaction network 

and metabotropic functions associated with the intracellular domains makes the NMDA receptor a hub of 

intracellular signaling. 
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1.3.2 NMDA receptors are multi-stimulus integrators 

Insights gained from single-channel current recordings of channel activity have certainly established that 

channels in excised patches behave quite differently from those of intact cells. Thus, the activity of these 

channels is determined by critical factors within the cell. In addition to the structural complexities which 

determine the fundamental properties of NMDA receptor function, the ability to continuously regulate 

channel function in response to external and internal cues significantly boosts the information capacity of 

the cell by generating context-dependent diversity in the output. While the historically excepted modality 

of these channels has been to act as coincidence detectors in the classical Hebbian learning models, 

abundant research over the decades has shown these channels can integrate numerous signals to set their 

response. 

The advent of the molecular cloning of the ionotropic glutamate receptor family [250] and more recent 

advances in crystallographic studies [ 193] has greatly facilitated detailed structural determinants of the 

unique properties of the glutamate receptors. The first crystallographic structures for kainate [251 ], AMPA 

[252], and NMDA receptors [ 45] were of isolated LBD in complex with agonist. In particular, for NMDA 

receptors, the ability to construct complete kinetic models from single-channel patch clamp recordings that 

can recapitulate a full range of macroscopic behaviors observed in physiological preparations has allowed 

the identification of key structural properties necessary for channel activation, inactivation, and 

desensitization. Crystallographic studies of intact heterotetrameric NMDA receptors and homomeric 

AMP A receptors have confirmed that despite the low sequence homology across classes, ionotropic 

glutamate receptors have a modular structure with extensive inter- and intra-molecular contacts. 

1.3.2.1 Chemical signals 

Calcium. The ability ofNMDA receptors to pass Ca2+ is an indispensable facet of their physiological role. 

Early measurements of the fractional current carried by Ca2+ estimated that a single channel could raise the 
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free Ca2+ concentration in the dendritic spine to 500 nM in 1 msec [139]. While this has crucial intracellular 

signaling implications the unchecked Ca2+ entry through NMDA receptors could have devastating effects. 

Early work found that these channels, themselves, were sensitive to intracellular Ca2+ concentrations [253]. 

Intracellular Ca2+ chelators could reduce this inhibition. The amount of Ca2+ influx through NR current 

directly correlated with the extent of inhibition. This evidence pointed toward an intracellular Ca2+ sensor. 

Consistent with this evidence, two studies identified calmodulin, a ubiquitous cellular Ca2+ sensor as being 

responsible for mediating inactivation [236,254]. Because this process is largely studied by prolonged 

agonist application in whole-cell recordings, the question of its physiological relevance lead investigators 

to determine that this process occurs even upon brief synaptic stimulation to significantly shape the slow 

component of the EPSC [255-257]. This ability for intracellular Ca2+ to reversibly decrease channel open 

probability suggested a critical, physiological negative feedback mechanism to tune synaptic responses and 

curb unchecked Ca2+ entry [258]. 

In addition to intracellular Ca2+ effects, external Ca2+ also modulates NMDA receptor function. External 

Ca2+ can interact with residues along the permeation pathway to reversibly block monovalent flux as 

observed by the Ca2+-dependent reduction in conductance [56,58,140,259]. Furthermore, interactions 

between Ca2+ and external sites can significantly inhibit the ability of channels to activate [140]. Together, 

these effects can impact the amplitude and timecourse of the synaptic signal. 

The physiological extracellular Ca2+ concentration is typically assumed to be constant (1.8 mM). This 

would predict that the effects of external Ca2+ on NMDA receptor function would not change with time. 

However, this assumption has been challenged as Ca2+ permeable channels at the synapse can significantly 

deplete external Ca2+ thus transiently altering physiological processes [260-262]. The ability of NMDA 

receptors to be sensitive to external Ca2+ may impart a mechanism of activity-dependent regulation. 

Protons. The inhibitory effect of extracellular acidification was discovered to occur within physiologically 

relevant pH fluctuations, ICso = 7.3 [263]. Later, this effect was found to be GluNl splice variant dependent 

such that channels lacking the anionic extracellular exon 5 region lacked this proton sensitivity. Thus, this 
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region was identified as the proton binding site [207]. Proton inhibition does not occur across all members 

of the NMDA receptor family. Recently, it was discovered that protons can potentiate current through 

glycinergic GluN3A-containing receptors via a novel binding site within the LBD heterodimeric interface 

[264]. The external pH cues can provide information regarding pathologic states as in ischemia or the level 

of neuronal activity in physiological states due to the transient proton release upon presynaptic vesicle 

fusion with the membrane when releasing glutamate [265]. 

Zinc. Physiologically, Zn2+ is found in high quantities in neural tissue. Specifically, it is accumulated in 

synaptic vesicles by the ZnT3 transporter [266]. Zn2+ inhibits NMDA receptors through multiple 

mechanisms. Nanomolar concentrations (l 0-20 nM) inhibit GluN2A channels by binding to a high affinity 

site on the amino-terminal domain of the GluN2A subunit [267,268]. In addition, Zn2+ binds to GluN2B

containing receptors with lower micromolar affinity [269]. Lastly, Zn2+ exhibits a voltage dependent block 

of the permeation pathway of both GluN2A and GluN2B receptors [270]. Zn2
+, therefore, acts as a potent 

neuromodulator with a prominent role in modulating plasticity [271]. 

Lipids. Recently, lipid composition, specifically the presence of the common cholesterol metabolite 24(S)

hydroxycholesterol, influences the channel gating behavior by enhancing the open probability of the 

channel [272]. The compound is highly potent, ECso = 1.2 uM. However, this potency appears to be GluN2 

subunit dependent. GluN2B and GluN2C-containing receptors are potentiated to a greater extent than their 

GluN2A and GluN2D counterparts. 

In addition to cholesterol composition, depletion of PIP2 via PLC overexpression or EGFR stimulation also 

reduced NMDA receptor currents. This effect required actinin interaction at CO suggesting a model whereby 

the C-terminal domain of GluNl may be physically tethered to the membrane via actinin-mediated 

interactions with PIP2 at the membrane [273]. Thus, the ability of actinin to promote channel opening may 

involve a structural rearrangement to couple the intracellular domains to the membrane. This is consistent 

with evidence that calmodulin may reduce channel activity by displacing actinin [274] and dimerize the 

GluNl C-terminal domains [275]. 
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1.3.2.2 Structural and Mechanical signals 

Cytoskeleton. In order for NMDA receptors to efficiently and precisely initiate the signaling pathways 

associated with synaptic plasticity, there must be limited lateral diffusion to perisynaptic and extrasynaptic 

sites. Consequently, NMDA receptors are anchored to the postsynaptic density by both PSD-95 and actin 

filaments. The activity in single-channel currents from excised patches revealed that the open probability 

was increased in the presence of actinin [276]. The association of NMDA receptors with actinin can be 

altered by intracellular Ca2+ levels. Calmodulin may displace a-actinin thereby reducing the channel open 

probability and detaching the channel from the cytoskeleton, possibly as a prelude to internalization [277]. 

Membrane Tension . During neural development the brain undergoes extensive synaptic growth and 

pruning. This dynamic extension and contraction of the membrane results in tension gradients along the 

cell surface [278]. It has been proposed that NMDA receptors are intrinsically sensitive to differential 

membrane tensions [279]. This phenomenon was first assessed indirectly by activating neuronal NMDA 

receptors exposed to either hyper- or hypo-osmotic solutions to effectively swell (stretch) or shrink (retract) 

the cell membrane. NMDA currents were potentiated and inhibited by these conditions, respectively. More 

recently, NMDA receptors expressed on astrocytes were found to be activated by membrane deformation 

induced by mechanical sheer stress [ 131]. Ofparticular interest, the observed NMDA receptor activity was 

capable of being elicited in the absence of agonists suggesting that membrane deformation alone may be 

sufficient for opening the channel. These results suggest a novel role of NMDA receptor signaling in 

neuronal development. 

Cellular Metabolic Status. Cellular metabolism generates a pool of nucleotide triphosphates necessary for 

kinase function. Often, ion channels are the targets of these kinases. The large intracellular cytoplasmic 

domains of the GluNl and GluN2 subunits contain numerous identified and putative sites for 

posttranslational modification by kinases. 

PKC regulates several facets ofNMDA receptor function. Phosphorylation sites have been identified which 

flank the RXR retention signal on GluNl. PKC phosphorylation ofthese sites influences the trafficking and 
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surface retention of channels [280,281]. Interestingly, protein kinase C appears to be a bidirectional 

regulator of synaptic long term potentiation. Either increasing or blocking PKC activity will facilitate or 

prevent LTP, respectively [282-284]. In addition, PKC directly modulates channel activity. Several PKC 

phosphorylation sites have been identified on the GluNl subunit [285]. The activity of PKC may increase 

channel activity by reducing the Mg2+ block of the channel [286]. 

Protein kinase A depends on the cAMP concentration in the cell. The production of AMP by adenylate 

cyclase is regulated by Ca2+/Calmodulin. A specific residue on GluNl , S897, has been identified as a direct 

substrate of PKA [285]. Pharmacological inhibition of PKA in neurons was found to reduce the fractional 

Ca2+ current through NMDA receptors [287]. Unclear whether this was directly through GluNl , phospho

mimetic and -deficient mutations of this PKA site was sufficient to regulate Ca2+ permeability in NMDA 

receptors [288]. Importantly, pharmacological inhibition of PKA or PKC interferes with the induction of 

NMDA receptor-dependent synaptic plasticity [289]. 

Other kinases have also been implicated in NMDA receptor function. Cyclin dependent kinase 5 has been 

found to be necessary for the induction of LTP [281]. CDK5 selectively associates with and phosphorylates 

GluN2A at Serl 232. Pharmacological inhibition of this process significantly reduces the NMDA receptor 

current of the EPSC and blocks L TP induction. 

Kinase activity may also influence NMDA receptors indirectly. Myosin light chain kinase which is present 

in hippocampal neurons does not appear to colocalize with postsynaptic NMDA receptors. Nevertheless, 

MLCK inhibition reduces NMDA receptor current recorded from neurons. Interestingly, application of 

purified MLCK to the intracellular surface of excise patches revealed the effects of the kinase were 

restricted to intact cells, thus implicating the necessity of an intact cytoskeleton. The negative effect of 

MLCK on NMDA receptor current was mediated through actinin which is already directly implicated in 

regulating channel activity [290]. 

Tyrosine kinase activity has been identified as a strong modulator of NMDA receptor activity. Inhibition 

of tyrosine kinases reduces NMDA receptor activity [291]. This modulation of channel activity is specific 
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to channels containing GluN2A subunits [292]. Further, these kinases potentiated current independent of 

current desensitization and deactivation. Thus, these kinases modulate the activation kinetics ofthe channel. 

While there is evidence that Src may directly associate with native channels [243], this interaction may 

involve an indirect association via the PSD-95 complex [293]. 

The phosphorylation status of the channel at any point in time will depend on the coordination of kinases 

and phosphatases in the cell. Calcineurin has been identified as a phosphatase that influences channel 

function. Inhibition of calcineurin alleviates desensitization at hippocampal synapses [218]. It was found 

that the GluN2A intracellular domain was the critical substrate for calcineurin mediating this impact on 

function [294]. Consistent with this, studies of recombinant channels revealed that removing the 

cytoplasmic domain of GluN2A facilitated entry into desensitization [54]. Further, specific mutation of 

identified calcineurin sites in the GluN2A c-terminal tail was sufficient to reduce channel activity [295]. 

Similar to the effects of phosphatase calcineurin, application of protein phosphatase l and 2A to the 

intracellular face of excised patches revealed a decrease in channel open probability. This negative 

regulation ofNMDA receptor function by dephosphorylation resulted in reduced current elicited in neurons 

[296]. The effects of protein phosphatase l may be specific to GluN2B through dephosphorylation of the 

CaMKII site [297]. 

1.3.2.3 Electrical signals 

Membrane potential. Canonically, NMDA receptor coincidence detection arises via the ability to respond 

to membrane voltage by relieving the constitutive Mg2+ block within the pore [59,60]. Mg2+ significantly 

reduces the open probability of the channel by reducing the open duration of gating events and increasing 

the frequency of non-conducting states. This serves as a mechanism of sensing postsynaptic activity as the 

back propagation of postsynaptic action potentials is sufficient to depolarize the membrane and transiently 

relieve the blocking Mg2+. GluN2A and GluN2B are more sensitive to Mg2+ than GluN2C and GluN2D. In 

addition, synaptically released Zn2+ also exhibits a voltage dependent block on GluN2A and GluN2B 

containing channels [270]. Thus, while the NMDA receptor is not intrinsically voltage-dependent, the 
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voltage-sensitivity of inhibition by such divalent metals imparts voltage-dependence on the glutamate

elicited current under physiological conditions. 

1.3.2.4 Multi-channel complexes 

As large protein complexes, NMDA receptors form numerous interactions with several other ion channels. 

GluNl/GluN2A receptors form two distinct protein-protein interactions with Dl/2 receptors [298]. These 

interactions are mediated through the cytoplasmic domains of both GluNl and GluN2A subunit with the 

cytoplasmic domain of the Dl/2 receptor. Activation ofDl/2 receptors resulted in reduced NMDA receptor 

responses in HEK293 cells. 

NMDA receptors also form a direct interaction with a7 nicotinic acetylcholine receptors [299]. Disrupting 

this interaction prevented the nicotine-seeking behavior in a rat model of relapse. Thus, conformational 

changes in acetylcholine receptors allosterically induces conformational changes in the NMDA receptor 

facilitating its functioning in neuronal plasticity. In mesencephalic periaqueductal gray matter neurons, µ

opioid receptors form direct interactions with the GluNl cytoplasmic domain [300]. Morphine induced 

phosphorylation of GluNl Cl cassette disrupted the signaling complex via a PKC-dependent mechanism. 

Together, these interactions suggest that NMDA receptors may play an important role in the synaptic 

plasticity underlying drug-seeking behavior. 

EphB receptors are receptor tyrosine kinases enriched at synapses and critical for synapse development. 

The extracellular domain of EphB receptors forms a direct interaction with the extracellular portion of 

GluNl subunit [301]. Activation of EphB receptors facilitated the localization of NMDA receptors to 

synapses. In addition, activation of EphB receptors also potentiates NMDA receptor function [302]. This 

increased Ca2+ influx and plasticity-related gene expression. 

Other ion channels may also indirectly modulate NMDA receptors activity. The ability ofNMDA receptors 

to respond to postsynaptic membrane depolarization makes them susceptible to any ion channel, which 

changes the membrane potential. Evidence has shown that small conductance Ca2+ activated K+ channels 
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(SK channels) can reduce NMDA receptor activity by repolarizing the membrane potential thereby 

reinstating Mg2+ block [303]. Activation of SK channels can be achieved by direct Ca2+ influx through 

NMDA receptors or by influx of neighboring voltage-gated Ca2+ channels [304]. SK channels can be 

reversibly inhibited by activation ofpostsynaptic mGluR [304]. Similarly, large conductance Ca2+ activated 

K+ channels (BK channels) can reduce NMDA receptor activity via the same mechanism [305]. 

1.4 Ca2+ and NMDA receptors in physiology and disease 

Given the extensive signaling and interaction networks modulated by NMDA receptors, aberrations of 

channel function are implicated in numerous neurological disorders including Alzheimers, depression 

[306], pain [307], and ischemic stroke. NMDA receptor activation results in elevation of intracellular Ca2+. 

This rise in postsynaptic Ca2+ is a critical signal for initiating synaptic plasticity via receptor recruitment 

and gene expression changes [308]. Thus, exposing neurons to glutamate for prolonged durations of time 

leads to cell death [309,31 0]. Conversely, blocking NMDA receptors in vivo also leads to cell death [311]. 

This apparent paradox has been explained by the differential spatial distribution ofNMDA receptors on the 

neuron. Synaptic NMDA receptor activation is generally neuroprotective by stimulating CREB signaling. 

In contrast, nonsynaptic receptor activation attenuates CREB signaling and promotes cell death [312]. 

Alternatively, excitotoxicity has been linked to subunit composition. GluN2A activation has been 

associated with neuroprotection while GluN2B activation is associated with toxicity [313]. Consistent with 

this, in the adult brain, GluN2A is highly localized at synapses while GluN2B is localized at nonsynaptic 

regions [314]. 

In both stroke and traumatic brain injury, neuronal death acutely follows ischemia and injury due to NMDA 

receptor-mediated Ca2+ overload. In preclinical studies, administration of NMDA receptor blockers and 

antagonists protected against neuronal death [313,315,316]. However, this protective effect was highly 

dependent upon the time of intervention. Treatment 30 minutes after injury provided little neuroprotection. 

49 



Inevitably, clinical interventions for both stroke [317] and traumatic brain injury [318] failed to provided 

neuroprotection in addition to inducing poor side effects. 

The most prominent clinical success ofNMDA receptor inhibition has been the development ofmemantine 

(Namenda®), an open channel blocker, in the treatment of Alzheimer' s disease [319] and stroke [320]. 

Inhibition of NMDA receptors as a means to preserve memory has been paradoxical in understanding the 

therapeutic mechanism given NMDA receptor's crucial role in memory. Memantine acts as an open channel 

blocker by binding in the pore at a region that overlaps with the Mg2+ binding site. This competition with 

Mg2+ imparts greater memantine sensitivity to GluN2C/D-containing channels, which are less sensitive to 

Mg2 
+, than GluN2A/B-containing channels [321]. Importantly, compared to previously tested antagonists, 

memantine has a lower affinity for the channel. This allows a preservation ofsome NMDA receptor activity 

and Ca2+ influx [319]. Appropriate Ca2+ influx through synaptic receptors activates pro-survival pathways 

[312]. Thus, the therapeutic effect of memantine is believed to be attributed to the damping of NMDA 

receptor activity rather than abolishment of activity. Thus, effective therapies need to preserve normal Ca2+ 

signaling that is critical for appropriate neuronal function. 

1.5 Calmodulin as a prototypical Ca2+ sensor 

1.5.1 Calmodulin sequence and structure are highly conserved 

While some prokaryotic homologs are thought to exist [322], calmodulin (CaM) exists almost exclusively 

in eukaryotic organisms. Among eukaryotic organisms, the amino acid sequence for calmodulin remains 

highly conserved with 100% conservation among vertebrates. Within vertebrates, CaM is encoded by three 

genes, CALM] (chr l 4q3 l ), CALM2 (chr2p2 l ), and CALM3 (chr l 9q 13), with unique nucleotide sequences 

that encode for an identical 149 amino acid CaM protein. This redundancy and its early emergence in the 

eukaryotic lineage undoubtedly reflects the critical importance of calmodulin in fundamental cellular 

processes important for life. Indeed, knock-out cell models of calmodulin are lethal [323]. All CALM 
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transcripts are highly enriched in the brain albeit at different relative levels underscoring the importance of 

this molecule in neural development and function [324]. The three CALM genes appear to exhibit 

differential expression profiles temporally through development and spatially across tissues and brain 

regions (Figure 1.12A). 

The calmodulin protein consists of two globular domains connected by a highly flexible linker. Both 

domains are responsible for binding two Ca2+ ions each (Figure 1.12B). Calmodulin possesses no intrinsic 

enzymatic function and appears exclusively to impart Ca2+ -sensitivity by interacting with other proteins. 

The highly flexible nature of the CaM structure has allowed it to interact with over l 00 partners. Of these 

interactions, numerous binding configurations have been identified. The most canonical mode ofinteraction 

is the calcified CaM protein wrapping around a hydrophobic or acidic helical structure [325]. 

However, the complex functional properties of the protein emerge from the differential Ca2+ -binding 

kinetics of each domain. The N-terminal domain (N-lobe) binds Ca2+ with extremely fast kinetics. Recent 

estimates for binding rates place this domain among the fastest Ca2+-binding proteins known (kon = 3.2 x 

1010 M-1 s·'; koff = 2.2 x 104 s·'). However, the relatively fast unbinding rate makes the N-lobe lower in 

affinity for Ca2+. In contrast, the C-terminal domain (C-lobe) binds Ca2+ with high affinity due primarily to 

the significantly slower unbinding rate (kon = 2.5 x 107 M-1 s·'; koff= 6.5 s·') [326]. While some cooperativity 

has been shown to exist under certain conditions [327] as well as multiple active conformations with 

differing kinetics [328], numerous studies have shown that each lobe can functional largely independently 

in the regulation of physiological processes [329]. 
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Figure 1.12: (A) Heat-maps generated from in situ hybridization against CALMJ-3 gene transcripts display 
region-specific expression profiles for different CALM gene products. Data from Mouse Brain Atlas: 
http://mouse.brain-map.org. (B) (Top) Structural configurations of calmodulin activation. In the canonical 
model of A maximum of four Ca2+ ions (black spheres) can bind apocalmodulin (PDB: lCFD) which can 
induce a tense (PDB : lCLL) or relaxed/compact (PDB: lPRW) conformation. This holocalmodulin can 
then associate with a target protein (gray helix; PDB: 2HQW). (Bottom) Cartoon schematic of the above 
configurations. 

52 

http://mouse.brain-map.org


1.5.2 Calmodulin function in physiology and disease 

CaM is known to regulate multiple cellular processes including smooth muscle contraction [330], 

metabolism [331 ], and synaptic plasticity [332]. Calmodulinopathies are a class of diseases which in the 

past few years are only beginning to be understood. They are caused by de nova mutations in one of the 

three redundant CALM genes [333]. De nova mutations in CALM] and CALM2 were first identified in 

patient cohorts ofLong-QT Syndrome [334,335]. Further characterization of these mutations demonstrated 

that these resulted in decreased affinity for Ca2+ [336,337]. Only recently have mutations in CALM3 

analogous to those identified in other CALM genes also been identified in contributing to the development 

of arrhythmogenic disorders [338]. CALM mutations often manifest clinically in cardiac disorders such as 

catecholaminergic polymorphic ventricular tachycardia and severe Long-QT syndrome [339]. These 

mutations primarily impair CaM affinity for Ca2+ or protein binding partners such as ion channels [336]. 

Classically, these diseases manifest in life-threatening arrhythmic cardiac events attributed to impaired 

CaM/Cav regulation as in Long-QT Syndrome and Timothy Syndrome [337]. This study showed that 

impaired Ca2+-dependent inactivation ofCav could recapitulate the known cardiac abnormalities associated 

with this condition. However, the complete clinical picture is more complex. While the disorder is 

characterized by a delayed repolarization of ventricular myocardium, patient symptoms manifest as 

syncope, seizures, or sudden cardiac death [340]. Models of Timothy Syndrome have exhibited cognitive 

deficits reminiscent of autistic behaviors [341] as well as epileptic symptoms indicating neuronal 

dysfunction [342,343]. Interestingly, despite the well established roles for CaM in neurological functions 

such as synaptic plasticity [332,344], evidence is inconsistent with regards to whether these patients also 

exhibit neurological symptoms. Only one controversial report in a pediatric population observed epileptic 

phenotypes in these patients which has yet to be independently replicated [334]. 
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Though far less studied, CaM is also the target of numerous posttranslational modifications [345]. The 

modifications can alter CaM affinity for both Ca2+ and its interaction partners. Whether these modifications 

are perturbed or have any relevance to known disease conditions has yet to be determined. 

1.5.3 Calmodulin regulation of ion channels 

First discovery of calmodulin regulation of ion channels came from studies of Paramecium locomotion. 

Researchers discovered that two distinct mutations in the paramecium calmodulin gene induced two 

opposing behaviors. Mutations localized to the N-lobe, prevented the paramecium from responding to 

mechanical stimuli. The other mutation localized to the C-lobe, exaggerated the animal's response to 

mechanical stimuli. It was discovered that the observed behaviors were due to the differential regulation of 

either a Ca2+-dependent Na+ channel and Ca2+-dependent-K+ channel by the N- and C-lobe of CaM, 

respectively [346]. Thus, not only was it demonstrated that CaM is crucial for ion channel regulation, but 

suggested that either lobe of CaM can have distinct physiological functions. Since this discovery, CaM has 

been found to regulate the activity of a highly diverse array of ion channels including voltage-gated Na+ 

[347], K+ [348], and Ca2+ channels [349] ; TRP channels [350] ; IP3 Receptor isoforms 1 - 3 [351-353]; 

NMDA receptors [236] ; ANO channels isoforms 1 - 3 [354] ; RyR isoforms 1 - 3 [355-357]; connexins 

[358] ; aquaporin [359] ; and P2X receptors [360]. These observations have lead some to speculate CaM as 

another ion channel subunit [361]. 

The functional redundancy of this CALM gene family not only is indicative ofthe physiological importance 

of this molecule but also adds a multilevel mechanism of spatiotemporal regulation and protection against 

mutant genetic variants [362]. It is, therefore, difficult to reconcile how mutations that decrease Ca2+ affinity 

in only one of the genes in individual patients can give rise to the numerous clinical phenotypes associated 

with channel-related calmodulinopathies. The answer lies in the ability of CaM to associate with ion 

channels even in the absence of Ca2+. By preassociating with a target protein, a mutant CaM can 

"outcompete" for sites on targets preventing endogenous copies of wild-type CaM from acting on them. In 

contrast, if CaM does not preassociate, the mutant CaM, unresponsive to Ca2+ signals will not exhibit any 
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increased affinity for its target proteins unlike the other wild-type copies. Thus, despite the protective 

benefits of functional redundancy in the CALM genes, the preassociation ofCaM with targets in the absence 

of Ca2+ can accentuate the effects of a small relative abundance of mutant CaM proteins. 

Given the discovery that CaM functions primarily to detect fluctuations in Ca2 
+, it was previously accepted 

that apocalmodulin (apoCaM) was a functionally inert molecule. Contrary to this long standing assumption, 

studies in yeast demonstrated that mutating the four Ca2+ binding sites still allowed the yeast cell to survive 

and undergo normal division while a complete knock-out was lethal [363]. Thus, the mere presence of a 

CaM molecule lacking Ca2+ binding ability could, nevertheless, rescue the some critical physiological 

processes independent of Ca2+. Thus, apoCaM itself serves a crucial role in normal physiology. 

ApoCaM is known to associate with several ion channels. Much of our current understanding of CaM 

regulation of ion channels comes from studies of voltage-gated Ca2+ channels. In these channels, apoCaM 

is known to preassociated at a site on the cytoplasmic N-terminal domain with high affinity. This positions 

CaM in a privileged position to act as a resident sensor to respond immediately to Ca2+ ions fluxing through 

the pore of the principle channel. Upon binding Ca2 
+, CaM shifts to its effector site on the cytoplasmic C

terminal domain to mediate regulation of channel activity [364]. This phenomenon was most recently 

demonstrated in the case of Cav channels where numerous lines of evidence show that CaM preassociates 

with channels to act as a resident Ca2+ sensor [364-367]. Using this model, they showed by carefully 

adjusting the ratio of mutant and wild-type CaM in cardiac myocytes, the strength of CDI in Cav channels 

conformed to a nonlinear, saturating relationship consistent with the hypothesis that a small fraction of 

mutant CaM can significantly impair the function of target proteins [337]. 

Several binding modes for CaM on ion channels have been identified through structural studies [325]. These 

modes differ primarily in the orientation of the N-lobe relative to the C-lobe and the interlobe distance once 

bound. No consistent pattern has emerged that reliably predicts whether a specific binding mode 

corresponds to a given function, thus, the functional consequences of a given binding mode is likely to be 

largely dictated by the target molecule itself. Further, the effect of CaM on ion channels is not uniform. 
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While CaM can inactivate several channels, it can facilitate the activation of others and in some cases can 

mediate both effects in the same channel. 

1.6 Ca2+-dependent inactivation of NMDA receptors by Calmodulin 

Prior to the discovery that CaM could regulate NMDA receptor activity, it was well established that 

extracellular Ca2+ inhibited channel function. Using whole-cell currents, the presence of Ca2+ induced faster 

and deeper desensitization of both native [253] and recombinant NMDA receptors [368] (Figure 1.13A). 

This effect could be mitigated by intracellular Ca2+ buffers suggesting that the effector site or molecule 

resided intracellularly. Consistent with other ion channels, this phenomenon was termed Ca2+-dependent 

inactivation (CDI). The addition ofNMDA receptors to the growing list of ion channels regulated by CaM 

came in a study by Zhang and Elhers et al. [254]. Ehlers found that sequestration of free endogenous CaM 

with a binding peptide could abolish CDI (Figure 1.13B). It was further found that the inhibitory effect of 

CaM was due to binding of calcified CaM to the CO region of the GluNl subunit c-terminal domain [236] 

(Figure 1.13C). This region is common to all GluNl splice variants and, therefore, present on all functional 

NMDA receptor subtypes. CaM can also binding with high affinity to the Cl region immediately adjacent 

to CO. While it is clear that Cl is not required for CDI, some evidence suggests a modulatory role on CDI 

although the exact mechanism is lacking and whether this effect of Cl could be phosphorylation dependent 

[369,370]. 
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Figure 1.12: (A) Whole-cell currents from dissociated neurons with increasing concentrations of 
extracellular Ca2+ ([Ca2+]o). Figure adapted from [253]. (B) Whole-cell currents from GluNl-1 a/GluN2A 
expressed in HEK293 cells infused with either a Calmodulin Binding Protien (CBP) or Control Peptide 
(CP). Currents recorded in 1.8 mM external Ca2+. Times indicate length of time after break-in to the cell. 
Figure adapted from [254]. (C) Whole-cell currents recorded from GluN2A receptors co-expressed with 
either GluNl-1 or GluNl-2 variants or engineered GluNl-CO which lacks the CO cassette. Figure adapted 
from [254]. 
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Because CDI has been largely studied by whole-cell patch-clamp, the observed inhibition has been assumed 

to be a strengthening of channel desensitization leading some to adopt the term "Ca2+ -dependent 

desensitization" [371 ,372]. However, single-channel inside-out recordings have shown a selective decrease 

in open event duration within bursts [276,373]. This implicates impairments in channel activation by CaM 

in addition to or independent of channel desensitization. This result also supported the hypothesis that CaM 

exerted its effects via an allosteric mechanism rather than by a pore occlusion mechanism which would be 

expected to also increase closed event durations. Consistent with this, outside-out recordings have shown 

that CaM accelerates the deactivation timecourse of the macroscopic signal which does not significantly 

engage desensitization [373]. 

Physiologically, NMDA receptors are the predominant channel setting the timecourse of the EPSC. This 

timecourse is crucial in determining excitability of the dendritic spine as well as a window for spike-timing

dependent plasticity. Thus, it has been shown that intracellular Ca2+ elevations accelerate the decay of the 

EPSC timecourse in neurons [256,258]. The physiological consequences of this are yet to be determined, 

however, abolition of Ca2+ binding to CaM in the anterior cingulate cortex was sufficient to introduce 

behavior deficits in mice [374]. Further implicating a role for NMDA receptor CDI in disease, patients with 

focal temporal epilepsy were found to exhibit reduced binding of CaM to the GluNl subunit as determined 

by co-immunoprecipitation [375]. The mechanism of this effect was not determined. Recent evidence has 

emerged that while NMDA receptors represent the primary excitatory input in the developing brain, they 

are necessary for mediating inhibitory synapse development. Specifically, CaM association with the GluNl 

subunit at the CO cassette was identified as a necessary element for appropriate inhibitory synapse 

development [376]. Thus, perturbations in the Ca2+-dependent regulation of NMDA receptors could 

represent a novel mechanism which underlies the altered network connectivity and excitatory/inhibitory 

coordination which drives proper development. 

With the undisputed roles for NRs in memory, cognition, and neuronal excitability, impaired NR CDI may 

have unprecedented and previously unexplored roles in these pathologies. The hypothesis that this feedback 
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mechanism may be critical in regulating neuronal excitability, and therefore play a role in the pathology of 

epilepsy-aphasia spectrum disorders, came from studies assessing the efficacy of calmodulin inhibitor, W-

7, in rescuing the seizure phenotype induced in mice by injection of a convulsing agent [377-379]. At the 

time of these studies, the direct action of calmodulin on NMDA receptors was not known and the authors 

were testing the hypothesis that various ion channel types were activating calmodulin-dependent signaling 

cascades that contribute to disease pathogenesis. W-7 pre-injection was effective in fully preventing 

seizures induced by GABAA receptor antagonist, y-hexachlorocyclohexane, or voltage-gated Ca2+ channel 

agonist, BAYK-8644. Notably, the function of both channels is highly regulated by [380] and dependent 

on calmodulin [381], respectively. In contrast, W-7 was unable to rescue seizures induced by kainite 

injection. Kainate receptors are not directly regulated by interactions with calmodulin. However, 

calmodulin was only partially able to reduce seizures induced by NMDA injection. This is consistent with 

the complex coupling ofNMDA receptors with calmodulin in neurons. Inhibition of calmodulin would also 

be expected to reduce the inhibitory feedback of CDI in addition to the signaling role of calmodulin, thus 

contributing to hyperexcitability. Further, in dissociated cortical neuron cultures, W-7 treatment was unable 

to prevent the excitotoxicity of cells induced by NMDA application whereas W-7 was successful in prevent 

excitotoxicity induced by y-hexachlorocyclohexane, kainate, and BA YK-8644. Notably, reduced CaM 

binding to Nl has been observed in patients with focal temporal epilepsy. This is hypothesized to remove 

negative feedback on NRs allowing unchecked Ca2+ influx and facilitating cellular hyperexcitability 

associated with seizures [375]. 

The epilepsy-aphasia spectrum of disorders is a continuum of epilepsy syndromes that are characterized by 

distinctive electroencephalograph waveforms and impaired speech. On the mild end are Rolandic epilepsy 

associated with speech and reading deficits as well as cognitive impairments and focal seizures that occur 

during sleep. On the severe end is Landau-Kleffner syndrome characterized by sudden and near complete 

loss of language and abnormal brain activity during slow-wave sleep. While the overall pathophysiology is 

complex, a causal role for NMDA receptor dysfunction in epilepsy was only recently determined. While 
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numerous mutations across multiple NMDA receptor subunits have been associated with epilepsy, several 

heterozygous mutations in the GRIN2A and GRIN2B genes were sufficient to have a causal role [382-385]. 

Such mutations occur more frequently with more severe seizure phenotypes (4.9% in individuals with 

benign epilepsy and 17.6% in individuals with severe continuous spike and waves during slow wave sleep 

[384]). Functional analysis of several such disease mutations suggests a gain-of-function phenotype which 

increases receptor activity [383]. In 2015, the Centers of Disease Control estimated 1.2% of the United 

States population had active epilepsy corresponding to 3 million adults and 470,000 children. Given the 

rates of inherited and de nova NMDA receptor mutations occurring in epilepsy cohorts (accounting for an 

average of 6% of epilepsy-aphasia cases [3 86]), it is likely that thousands of individuals with epilepsy in 

the United States have undiagnosed causal NMDA receptor mutations. Given the causal role of NMDA 

receptor overactivation in epilepsy-aphasia pathogenesis, molecular alterations which perturb critical 

feedback regulatory mechanisms may have an unprecedented role in these disorders and represent a novel 

therapeutic avenue. 

Other diseases involving Ca2+ dyshomeostasis display phenotypes consistent with impaired CDI [387]. 

During periods of high-frequency firing such as in epilepsy, stroke, or Hebbian synaptic plasticity, CDI 

provides a protective mechanism against excitotoxicity [258]. This is consistent with clinical observations 

in diseases involving hypo- or hypercalcemia that lead to severe phenotypes manifesting clinically as 

seizures or lethargy and depression, respectively [387]. Epilepsy and stroke lead to high cytosolic [Ca2+] 

[388]. The high firing frequency in epilepsy prolongs internal [Ca2+] rises via NRs [389]. Moreover, 

extrasynaptic NRs which experience tonic Glu exposure under these conditions are likely to be modulated 

by CDI. Given that extrasynaptic NRs are coupled with apoptotic pathways, CDI provides a necessary 

protective mechanism against toxicity [312]. 

60 



1.7 Project overview 

The work in this dissertation investigates the modulation of NMDA receptors by intracellular Ca2+ 

elevations sensed by calmodulin. One project adapts a method for quantifying the magnitude of pure Ca2+

dependent inactivation ofNMDA receptors in a whole-cell system. This metric is then used to test various 

hypotheses of calmodulin/channel interactions (Chapter 3). The next project assesses whether the Ca2+ 

elevations from a gating channel is restricted to modulating the parent channel or can influence the activity 

of neighboring channels (Chapter 4). The next project seeks to explain the observed behaviors in a unified 

kinetic model ofNMDA receptor Ca2+-dependent inactivation using single-channel patch clamp recordings 

in conditions of elevated intracellular Ca2+ (Chapter 5). The final project develops a novel computational 

method for analyzing modal gating and the effects of Ca2+ on gating heterogeneity of NMDA receptor 

gating kinetics (Chapter 6). Overall, this dissertation provides new insights into the complex regulation of 

NMDA receptors by Ca2+ and calmodulin. 
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2 Chapter Two: General Materials and Methods 
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Chapter Two: General Methods 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise noted. 

2.1 Cell culture and neuronal preparations 

2.1.1 HEK293 cell culture 

HEK293 cells (ATCC CRL-1573) used throughout the studies described in this dissertation were a gift 

from Dr. Anthony Auerbach, University at Buffalo, SUNY. Cells were passaged and maintained in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1 % 

penicillin/streptomycin. Cells were grown at 37C and a 5%CO2/95% atmospheric air environment. Cells 

were maintained in T25 flasks and passaged upon reaching 85 - 90% confluency. 

To passage cells, DMEM was removed and cells were gently washed with phosphate buffered saline. Saline 

solution was removed and 0.25 % trypsin-EDTA was added and gently agitated to facilitate detachment of 

the cells. Once detached, 10 mL of pre-warmed DMEM was added to the flask and triterated several times 

using a serological pipette to inactivate the trypsin and achieve single-cell suspension. The suspension was 

then seeded into new T25 flasks at dilutions of 1: 10 or 1 :20 in 10 mL total volume of DMEM. Cells used 

in experiments were between P25 - 32. For electrophysiology, cells were also seeded onto 35 mm dishes 

at approximately 105 cells/dish. 

2.1.2 Primary hippocampal neuron culture 

Neurons were harvested from rat hippocampi isolated from El8 animals. All animals were euthanized 

according to the guidelines set by the Institutional Animal Care Use Committee at the University at Buffalo. 

Briefly, El 8 rat pups were decapitated and brains extracted into ice cold PBS. Hippocampi were isolated 

and dissociated by the methods of Beaudoin et al [390]. Cells were plated on poly-D-lysine-coated 

coverslips in 24-well plates in 0.5 ml neurobasal medium (Gibco, Grand Island, NY) supplemented with 
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B27, Glutamax (Gibco, Grand Island, NY), and 1% penicillin/streptomycin. One third of media volume 

was replaced with fresh media to remove metabolic waste and replenish nutrients. 

2.2 Plasmid preparation and transfection 

Plasmids encoding rat GluNl-la (GenBank: U08261 ; R. Wenthold, National Institute of Health), GluNl-

2a (GenBank: U08262), GluN2A (GenBank: M91561 ; A. Auerbach, University at Buffalo, SUNY), 

GluN2B (GenBank: M91562.1), calmodulin (CaM) (GenBank: Xl3933.l ; T. Inoue, Johns Hopkins 

University), and GFP (D. Kosman, University at Buffalo, SUNY), PSD-95 (GenBank: M96853.l) were 

used for experiments. The cDNA was subcloned into pcDNA(+) under the control of CMV promoter for 

high expression. All constructs were verified by full-insert sequencing. Any mutations and truncations 

utilized for specific experiments were introduced using the QuikChange site-directed mutagenesis kit 

(Stratagene, Amsterdam, Netherlands) and verified by full-insert sequencing. Final constructs were 

amplified and purified on a larger scale using a Maxiprep kit (Qiagen, Germantown, MD). For 

electrophysiology experiments, HEK293 cells were transiently transfected with separate plasmids encoding 

GluNl-2a, GluN2A, and YFP-CaM or GFP using the calcium phosphate precipitation method. 

PSD-95 shRNA plasmids were purchased from Origene (Rockville, MD; Cat: TL710382). These shRNA 

constructs were shown to be effective in reducing native PSD-95 expression without exhibiting substantial 

neuronal toxicity [391]. Primary hippocampal neurons were transfected using Lipofectamine 3000 

(Thermofisher, Grand Island, NY) following manufacturer's instructions. Cultures were allowed to 

incubate for at least four days prior to electrophysiological recordings. 
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2.3 Wes tern Blot 

Western blots were performed according to standard procedures [392]. We transfected HEK293 cells with 

the indicated constructs; and harvested and lysed them 24 hr post-transfection, with 1 % SDS lysis buffer 

containing protease inhibitor cocktail (Sigma, P8340-1ML) with (in mM) 95 NaCl, 25 Tris-HCl, 1 NaF, 

and 1 Na2VO4. Lysed cells were scraped into Eppendorf tubes and debris was removed by centrifugation at 

13 rpm in 4 °C for 15 min. Equal amounts of proteins in the supernatant were loaded onto 5% SDS 

polyacrylamide gel to achieve separation between endogenous CaM (17 kD), GFP (37 kD), YFP-CaM (44 

kD), and GluNl-2a (100 kD). Proteins were electro transferred onto PDF membranes as described [393] 

and probed with rabbit anti-CaM antibody (Abeam ab45689, lot: GR123440-4; 1 :2500); mouse anti-GFP 

(Millipore MAB1083 , lot: NG1720568; 1:5000), and rabbit anti-GluNl pan (Millipore MAB1586, lot: 

2739489; 1: 1000). Hybridizations were done overnight at 4 °C for primary antibodies, and 1 hour at room 

temperature for secondary antibodies (rabbit or mouse anti-HRP, 1: 10,000). 

2.4 Immunohistochemistry 

HEK-293 cells (P23 - P30) were plated on glass-bottom culture dishes coated with poly-L-ornithine and 

laminin. After 24 hrs recovery in 37°C, transfected cells were live-stained with wheat germ agglutinin 

conjugated with Alexa Fluor 568 (1 :500) in DMEM for 15 min at 37°C. Cells were then washed and fixed 

with 4% paraformaldehyde in PBS. Cells were blocked in BSA. Cells were then surface-stained for NMDA 

receptors with mouse anti-pan-GluNl (MAB 1589, lot: 2739489, 1: 1000, Millipore) overnight at 4 °C. Cells 

were then permeablized with triton-X and subsequently washed and stained with rabbit anti-PSD-95 

(abl8258, lot: GR291396-l , 1:500; Abeam) overnight at 4°C. Cells were then incubated with secondary 

antibodies donkey anti-rabbit Alexa Fluor 647 (ab 150075, lot: GR289683-l , 1: 1000; Abeam) and goat anti

mouse Alexa Fluor 488 (abl50075, 1:1000; Abeam). Cells were imaged using a CoolSnap HQ camera 

(Roper Scientific, Surrey, BC, Canada) mounted on a Nikon TE-2000E inverted fluorescence microscope 
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at 1 00X oil-emersion lens with NA = 1.45 and MetaMorph imaging software. A 2x2 binning was applied 

resulting in a 0.126 µm/pixel spatial resolution. For each field of view, images were taken with a 1 sec 

exposure time. 

2.5 Electrophysiology 

2.5.1 Cell-attached patch-clamp recording 

Prior to recording, transfected HEK293 cells were washed with 25°C PBS supplemented with Ca2+ and 

Mg2+. All recordings were performed at room temperature. Fire-polished pipettes of 12 - 25 MQ resistance 

were pulled from borosilicate glass capillary tubes (OD: 1.5 mm, ID: 0.86 mm, Sutter Instruments, Novata, 

CA) and sealed on HEK293 cells (Figure 2.lA) [394]. Pipettes were filled with working pipette solution 

containing (in mM): 150 NaCl, 2.5 KCl, 1 EDTA, 10 HEPBS, 0.1 glycine (Gly), and 1 glutamate (Glu) (pH 

8.0 with NaOH) [178]. For experiments with Ca2+, EDTA was dropped to 0.1 mM and CaCh was added to 

buffer to a desired free Ca2+ concentration according to MAXC software (Stanford University, Stanford, 

CA) [395]. Following gigaseal formation (Figure 2.1B), patches were clamped with an applied potential 

(Eapp) of+100 m V to give an internal recording potential (Erec) of -100 m V (Axopatch 200B, Molecular 

Devices, Sunnyvale, CA). HEK293 cells typically have resting membrane potentials of -15 to -20 mV 

which is added to the Erec- Under these recording conditions, inward currents are carried by Na+. Currents 

were amplified ( 1 00x gain), low-pass 4-pole Bessel filtered at 10 kHz Axopatch 200B, Molecular Devices, 

Sunnyvale, CA), digitally sampled at 40 kHz (PCI-6229, M series NIDAQ card, National Instruments, 

Austin, TX), and written to digital files using the QUB software in acquisition mode (University at Buffalo, 

Buffalo, NY). 
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Figure 2.1: Transfections and electrophysiological techniques. (A, Left) HEK293 cells successfully 
transfected with separate plasmids encoding GluNl-2a, GluN2A, and CaM-YFP. (Right) Dissociated 
hippocampal neurons transfected with bicistronic plasmid encoding PSD-95 shRNA and GFP. (B) Cartoon 
schematic of cell-attached patch clamp recording. Cells expressing fluorescent reporter are sealed using 
glass pipette to form tight gigaseal to minimize leak currents (Leak) and resolve unitary current through a 
single ion channel (i) upon a +100 m V applied potential (Eapp). (C) Cartoon schematic of whole-cell patch 
clamp technique. Cells expressing fluorescent reporter are sealed using a glass pipette. Negative pressure 
is used to rupture the cell membrane to establish continuous electrical access with the inside of the cell, 
apply a Eapp = -70 m V, and equilibrate cellular contents with intracellular patch solution. A pressurized 
perfusion system is used to temporally control application of external solutions onto the cell to elicit 
ensemble currents. 
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2.5.2 Whole-cell voltage-clamp recording 

Prior to recording, transfected HEK293 cells on a 35mm petri dish were passaged with Trypsin/EDT A and 

split across eight new dishes with fresh DMEM supplemented with 10 mM MgCh. After 2 hours, cells were 

washed with 25°C PBS. All recordings were performed at room temperature. Fire-polished pipettes of 5 -

10 MQ resistance (for HEK293 cells) or 2 - 3 MQ resistance (for neurons) pulled from borosilicate glass 

capillary tubes (OD: 1.5 mm, ID: 1.10 mm, Sutter Instruments, Nova ta, CA) were filled with intracellular

like solutions containing (in mM): 135 CsCl, 35 CsOH, 4 MgATP, 0.3 Na2GTP, 10 HEPES adjusted to pH 

7.4 with HCl, and EGTA, BAPTA, or HEDTA as indicated. For Ca2+ dialysis experiments, 10 mM HEDTA 

was used and CaCh was added to buffer to a desired free Ca2+ using MAXC software. Following gigaseal 

formation, the membrane in the pipette aperture was ruptured to establish continuous electrical access with 

the cell using negative pressure applied by mouth or syringe. Pressure was released to atmospheric pressure 

after rupture to allow equilibration of solution with the cell. Equilibration occurs within 5 - 10 min for 

HEK293 cells and 10 - 15 min for neurons. Cells were clamped by applying Eapp = -70 m V. HEK293 cells 

were then perfused with external solutions containing (in mM): 150 NaCl, 2.5 KCl, 0.1 EDTA, 10 HEPBS, 

0.1 glycine (Gly), and pH adjusted to 8.0 with NaOH. Currents were elicited with solution supplemented 

with 1 mM glutamate (Glu). Patch quality was monitored by applying a +10 m V step pulse for 100 msec 

prior to application of glutamate. For neuronal recordings, extracellular solution contained (in mM): 150 

NaCl, 2.5 KCl, 0.1 EDTA, 10 HEPBS, 0.05 CNQX, and 0.05 Ifenprodil, 0.1 glycine (Gly), 310 mOsm 

adjusted with sucrose, and pH adjusted to 8.0 with NaOH. CaCh was added to external solution to buffer 

to a desired free Ca2+ according to MAXC software. Solution application was controlled through a lightly 

pressurized pinch value system (BPS-8, ALA Scientific Instruments Inc., Westbury, NY) (Figure 2.lC). 

Currents were amplified (2x gain) low-pass 4-pole Bessel filtered at 2 kHz (Axopatch 200B, Molecular 

Devices, Sunnyvale, CA), and digitally sampled at 5 kHz (Digidata 1440A, Molecular Devices, Sunnyvale, 

CA) using Clampex 10.6 software. 
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2.6 Data analysis 

2.6.1 Single-channel data processing 

For single-channel recordings, if one or more double openings are observed due to the simultaneous 

opening of two or more channels, the recording must be discarded. However, for conditions and mutations 

used in this thesis that reduce channel open probability, the length of sufficient recording time for 

concluding that N number of channels are present within the patch must be determined. The number of N 

independent channels in the recording could be estimated with reasonable probability according to [396]: 

1-P 
Jr= 0 2.1 

1-P,)N 

Where, in the case of N = 2 channels, re is the probability that the next transition in time is the shutting of 

channel A rather than the opening of channel B, Po is the experimental single-channel open probability for 

this channel type, and N is the suspected number of channels in the patch. In the case of single-channel 

recordings, the probability that the number of single-channel openings occurring prior to the opening of the 

second channel (r) exceeds the number of experimentally observed single-channel openings in the patch 

(no) is found according to : 

ll - ) 

0P( r?: no ) = Jr 2.2 

Thus, the lower the Po of the channel, the more consecutive single-channel openings need to be observed 

to reject the hypothesis that N = 2 channels in the patch (Figure 2.2). In the presence of high (5 mM) 

external Ca2 
+, the Po of the channel is 0.13 ± 0.06 [140]. Using Eq 2.1 and 2.2 to determine with 99.9% 

probability that N = 1 in the patch under these conditions requires at least 96 consecutive single-channel 

openings. Given that average closed event duration is 70 ± 30 msec and average open event duration is 6.8 

± 0.7 msec, this corresponds to 7.4 sec of continuous recording. Because in our study we record channel 
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activity for in cell-attached patches for minutes up to two hours in duration, we can be highly confident in 

the channel number in the patch recordings from qualitative inspection for the absence of stacked openings. 

Records with one channel which maintained a stable seal for an appropriate duration as determined above 

and had reasonable signal-to-noise ratio were used for kinetic modelling. Data were conservatively 

processed prior to analysis to remove artifacts/signals not produced by the channel of interest and remove 

areas of low quality where the ability to discern channel activity from noise is impaired. Notably, noise 

spikes of short durations (0.05 - 0.15 msec) were removed by replacing the sampled points within the spike 

with sampled points of appropriate amplitude ( open or closed) immediately juxtaposed to the spike. 

Baseline drift was corrected by defining the baseline amplitude (0 pA) early in the file and subsequently 

adding nodes when the closed amplitude deviates from baseline such that all deflections away from baseline 

reflect unitary channel currents. 
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Figure 2.2: Determining channel number in a patch recording. Curved lines represent Number of single
channel openings (no) needed to conclude that there are not two or more channels within the patch. Each 
curve corresponds to a hypothetical channel with indicated Po-The gray dashed lines mark the boundaries 
of our desired confidence of two channels in the patch, P(r 2: no)= 0.001 , and the lower bound of Po 
observed in the experimental conditions used in this thesis, Po= 0.1 (green curve). The green shaded 
region indicates the necessary number of single-channel openings to be observed in the recording. 
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2.6.2 Single-channel data idealization and analysis 

Following processing, data was idealized using the segmental-k-means algorithm in QUB software [397]. 

Unlike threshold-crossing algorithms, this method associates each sampled data point in the record with a 

specific-user defined state. For NMDA receptors under ideal conditions, only a single unitary amplitude is 

achieved during channel opening. Thus, a two-state model is used to pre-define current amplitudes 

corresponding to the closed state, C, or open state, 0 (Figure 2.3). From this , open or closed event durations 

are calculated by joining consecutive sample points detected as belonging to the same amplitude class. The 

resulting output is a time-continuous trace that transitions between only the two user-defined amplitude 

levels. Following idealization, event durations were pooled along 50 bins to generate the duration 

distribution. Channel kinetics were modelled using the maximum interval likelihood (MIL) algorithm for 

curve fitting to the duration distribution (Figure 2.4). This method models ion channel gating as a 

memoryless Markov process whereby the channel interconverts stochastically between discrete states with 

a certain probability at any given sampling time. The primary "memoryless" assumption states that the 

probability of transitioning into a new state ( or staying within the same state) at the next sampling time 

depends only on which state is currently being occupied. 

A dead time of 0.15 ms is imposed which is calculated from the half-time for a single-channel current to 

reach the open amplitude [398,399]. Starting from the simplest two-state model (open and closed) for 

channel gating, additional open and closed states were progressively added to the model. For a memoryless 

Markov process, the lifetime of any single state occupancy ( eg. the open or closed event distribution 

associated with a given state) follows an exponential distribution. Thus, each additional state added to the 

model is associated with an additional exponential term to the overall probability density function being 

fitted to the dwell-time distributions. The lifetime of a given state is set by the rate constants dictating 

transitions to and from that state. The final model was said to optimally describe the data with sufficient 

resolution when appending an additional open or closed state resulted in a subthreshold (< 10 LL units) 

improvement in the log-likelihood (LL) statistic [ 400]. 

72 



-----------------------~ 
I - - - C 

0 

© 
l 

Figure 2.3: Idealization of unitary currents. (A) Current trace obtained from cell-attached recording 
containing one NMDA receptor. The boxed region is expanded below and digitally filtered at l kHz. C, 
closed amplitude; 0 , open amplitude. (B, left) Expanded segment in A subjected to segmental-k-means 
(SKM) idealization algorithm. (Middle) Amplitude histogram with Gaussian fits generated from SKM 
idealization. (Right) Two-state model used to idealize a single-channel recording. Each datapoint in the 
recording is classified into either C state or O state depending on their proximity to user-defined values 
corresponding to each state. 
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Figure 2.4: Kinetic modelling of single-channel currents. The duration histogram of closed event durations 
from idealized data is used to determine the optimal number of kinetic states needed to describe channel 
gating. Models of increasing complexity are built by a step-wise addition of closed or open states. The 
lifetime of each state corresponds to an exponential function fitted to the duration histogram (black curves) 
to calculate the overall probability density function (red curve). Goodness of fit is evaluated by how well 
the density function envelops the data distribution in concordance with quantitatively monitoring the 
increase in log-likelihood (LL) with each iteration of the fit for each additional state. 
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2.6.3 Whole-cell data processing and analysis 

For each whole-cell recording, 3 to 5 sweeps were acquired and exported as digital files for analysis with 

Clampfit 10.6 (Molecular Devices, Sunnyvale, CA). The baseline was set by constraining the current 

amplitude in a region with stable seal prior to glutamate-evoked currents to 0 pA. Traces with drift or 

substantial noise artifacts were removed from analysis. Remaining traces were averaged to give a resultant 

current response used for analysis. The degree of desensitization was quantified as the fraction of current 

remaining at steady-state (lss) relative to the peak current (lpk) upon glutamate application (lss/lpk). 

Ca2+-dependent inactivation was quantified in either a time-continuous (CDI(t)) or at steady-state manner 

(CDfoQ) according to : 

[ J(t)/ 1 ]
CDJ(t) =1- pk Ca 

[ f(t)/ f pk La 2.3 

CDIEQ = limCDI(t) 
t➔oo 

Experimentally, CDfoQ is measured from whole-cell recordings during the steady-state phase of the 

macroscopic current in the continuous presence of glutamate (6 sec). For wild-type receptors, steady-state 

is reached in - 2 sec. For measuring the steady-state current amplitude the numerical average across the 

final - 0.5 - 1 sec of the total 6 sec glutamate-elicited current was measured using Clampfit 10.6 (Figure 

2.5B). 

Patch quality and electrical access to the cell throughout the recording was monitored by measuring series 

resistance (Rs) and input resistance (R;) based on the capacitive transient waveform generated from the +10 

mV step pulse prior to glutamate application according to the relations: 

R = M 
s I 

Cp ,pk 
2.4 

M
R=---R 

l sI 
Cp ,SS 
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where AE is the magnitude of the voltage change during the step and l cp,pk and l cp,ss are the capacitive 

current peak and steady-state amplitudes, respectively. 
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Figure 2.5: Quantifying pure CDI in macroscopic recordings. (A) Exemplar raw data to illustrate perfusion 
protocol used to isolate current reduction due to CDI from that of intrinsic desensitization. (B) Hypothetical 
traces to illustrate the range of possible values for both intrinsic desensitization (MID) in the absence of 
Ca2+ and CDI. Traces are normalized by aligning peak current in Ca2+ solution (lpk,ca) to peak current in 
Na+-only solution (lpk,Na) . Relative changes in corresponding steady-state currents (lss, Na and l ss, ca) 
quantitatively isolate inhibition due to CDI. Gray shaded region indicates portion of recording used for 
measuring steady-state currents to determine CDhQ. 
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3 Chapter Three: Resident Calmodulin Primes NMDA 

Receptors for Ca2+-Dependent Inactivation 

This work has been published in the Biophysical Journal 

Iacobucci GJ, Popescu GK. (2017) Biophys J. "Resident Calmodulin Primes NMDA Receptors for Ca2+

Dependent Inactivation" Nov 21 ;113(10):2236-2248. doi: 10.1016/j.bpj.2017.06.035. Epub 2017 Jul 14. 
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Chapter Three: Resident Calmodulin Primes NMDA Receptors for Cai+_ 

dependent Inactivation 

3.1 Abstract 

N-methyl-d-aspartate (NMDA) receptors are glutamate- and glycine-gated channels that flux Na+ and Ca2+ 

into postsynaptic neurons during synaptic transmission. The resulting intracellular Ca2+ transient is essential 

to physiological and pathological processes related to synaptic development, plasticity, and apoptosis. It 

also engages calmodulin (CaM) to reduce subsequent NMDA receptor activity in a process known as Ca2+ -

dependent inactivation (CDI). Here, we used whole-cell electrophysiology to measure CDI and 

computational modelling to dissect the sequence of events that underlies it. With these approaches, we 

estimate that CaM senses NMDA receptor Ca2+ in-flux at - 9 nm from the channel pore. Further, when we 

controlled the frequency of Ca2+ influx through individual channels, we found that a kinetic model where 

apoCaM associates with channels prior to their activation best predicts the measured CDI. These results 

provide novel functional evidence for CaM preassociation to NMDA receptors in living cells. This 

particular mechanism for auto inhibitory feedback reveals strategies and challenges for Ca2+ regulation in 

neurons during physiological synaptic activity and disease. 

3.2 Introduction 

Glutamate exerts fast excitatory actions in the mammalian central nervous system by gating cation-selective 

tetrameric ion channels. Among these, NMDA receptors composed of GluNl and GluN2 subunits have 

characteristically high conductance, high Ca2+-permeability, and slow kinetics, such that their activation 

produces a significant local rise in intracellular Ca2+. Specifically, NMDA receptor-mediated Ca2+ transients 

initiate signaling pathways essential for synaptic development and plasticity and can cause the pathologic 

apoptosis that underlies excitotoxicity. 
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Given its critical role in fundamental neurologic processes, NMDA receptor activity is under tight 

developmental and regional control, and is sensitive to multiple extra- and intracellular cues. Specifically, 

Ca2+ levels affect NMDA receptor currents through several distinct mechanisms. External Ca2+ ions bind 

directly to residues in the outer vestibule of the obligatory GluNl subunit to reduce channel conductance 

and gating [140,228,372], whereas internal Ca2+ ions act indirectly through slow and fast mechanisms. 

Slow, minute-scale processes initiate Ca2+-dependent changes in receptor phosphorylation by kinases ( e.g. 

protein kinase A, protein kinase C, and CaMKII) and/or phosphatases (e.g. calcineurin) to affect channel 

gating and/or permeation [218,281 ,287,401]. Whereas, a fast, millisecond scale process, known as Ca2+

dependent inactivation (CDI), which requires calmodulin (CaM) binding to intracellular portions of the 

GluNl subunit [236,402], reduces the NMDA receptor current by increasing its macroscopic 

desensitization [253 ,254]. 

Numerous other ion channels display CaM-mediated CDI, suggesting that this regulatory mechanism is 

highly conserved across several protein families and life forms. CaM is ubiquitous to living cells, is highly 

expressed in neural tissue, and is enriched in dendritic spines [ 403]. CaM control of NMDA receptor 

activity, primarily by mediating CDI, is a major mechanism for tuning the excitatory postsynaptic current 

during development and across brain regions [257,258,404,405]. However, the process remains 

insufficiently understood. 

NMDA receptors have several CaM binding sites, each with different CaM binding properties. The 

intracellular sequence immediately adjacent to the M4 transmembrane helix of GluNl , known as CO, is 

required for CDI [254,406]. In addition to strongly binding calcified CaM, several in vitro studies observed 

that the CO peptide can bind CaM in the absence of Ca2+ [274,369,407]. Therefore, CaM may reside on CO, 

and this proximity to the channel pore positions it optimally for rapid activation by incoming Ca2+ [408]. 

However, results remain inconsistent [236,275] and whether CDI of NMDA receptors occurs by Ca2+ 

binding to freely diffusing or resident apoCaM is unknown. Yet, each mechanism has distinct implications 
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for how intracellular Ca2+ transients tune synaptic responses and how disease-associated CaM mutations 

influence excitatory glutamatergic transmission. 

Here we modeled possible mechanisms of CaM-mediated NMDA receptor CDI and tested these with 

electrophysiological measurements in several rigorously controlled conditions. Results provide the first 

evidence in living cells that apoCaM preassociates with NMDA receptors and show that this resident 

apoCaM is sensitive to elevated [Ca2+] within nanodomains of the channel pore. 

3.3 Methods 

3.3.1 Molecular Biology 

Rat GluNl-2a (U08262.l), GluN2A (M91561.l), and GFP cDNAs were cloned inpcDNA3.l (+) and were 

transiently transfected at a 1:1:1 ratio into HEK 293 cells (ATTC CRL-1573, passages 26 - 32) using the 

Ca2+ phosphate precipitation method [ 409]. Transfected cells were maintained in DMEM (10% FBS) 

supplemented with 10 mM Mg2+ and were used for experiments 24 h post-transfection. All CaM constructs 

were gifts from Drs. Inoue and Ben Johny [365]. WE introduced all mutations using the QuikChange 

method (Stratagene, Amsterdam, Netherlands). We verified each construct by sequencing before and after 

sub-cloning, and following plasmid amplification (QIAGEN, Valencia, CA). 

3.3.2 Western Blotting 

We transfected HEK293 cells with the indicated constructs; and harvested and lysed them 24 hr post

transfection, with 1 % SDS lysis buffer, and removed debris and contaminating DNA/RNA by 

centrifugation 15 min at 13 rpm. Equal amounts of proteins in the supernatant were loaded onto 5% SDS 

polyacrylamide gel to achieve separation between endogenous CaM (17 kD), GFP (37 kD), YFP-CaM (44 

kD), and GluNl-2a (100 kD). Proteins were electro transferred onto PDF membranes as described [393] 

and probed with rabbit anti-CaM antibody (Abeam ab45689, lot: GR123440-4; 1 :2500); mouse anti-GFP 

(Millipore MAB1083 , lot: NG1720568; 1:5000), and rabbit anti-GluNl pan (Millipore MAB1586, lot: 
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2739489; 1: 1000). Hybridizations were done overnight at 4 degrees for primary antibodies, and 1 hour at 

room temperature for secondary antibodies (rabbit or mouse anti-HRP, 1: 10,000). 

3.3.3 Fluorometry 

The relative expression of YFP-CaM constructs was quantified as the ratio of fluorescence intensity from 

a single cell expressing YFP to background autofluorescence from untransfected cells on the same day of 

recording. All measurements were from cells after electrophysiological recording. Fluorescence was 

measured with a photomultiplier tube (Hamamatsu) and recorded in pClampl0.3. Data were analyzed in 

MATLAB 201 la (Mathworks, Natick, MA) 

3.3.4 Electrophysiology 

Macroscopic currents were recorded with the whole-cell patch clamp-technique, using borosilicate pipettes 

(4 - 5 MQ) filled with (intracellular) (in mM): 135 CsCl, 35 CsOH, 4 MgATP, 0.3 Na2GTP, and either 

BAPTA or EGTA at the specified concentration, buffered to pH 7.4 (CsOH). For Ca2+ dialysis experiments, 

recording pipettes contained (intracellular) (in mM): 135 CsCl, 35 CsOH, 4 MgATP, 0.3 Na2GTP, 10 

HEDTA, pH 7.4 with CsOH. Free Ca2+ calculations were done with MAXC software with CaCb. 

Extracellular solutions contained (in mM): 150 NaCl, 2.5 KCl, 10 HEPBS, 0.1 EDTA, and 0.1 glycine; 

CaCh was added to produce the indicated free Ca2+ concentrations according to MAXC software 

(www.maxchelator.stanford.edu); they were applied using a pressurized perfusion system with a digitally 

controlled solenoid valve. Series resistance was monitored to ascertain seal quality. In all experiments, cells 

were bathed in PBS unless otherwise indicated. 

Unitary currents were recorded with the cell-attached patch-clamp technique from membrane patches 

containing a single receptor [ 41 O]. Borosilicate pipettes ( 15-25 MQ) contained ( extracellular) (in mM): 150 

NaCl, 2.5 KCl, 1OHEPBS, 0.1 EDTA, 0.1 Glycine, 1 Glutamate, pH 8 with NaOH, and with CaCb buffered 

according to MAXC software. Ca2+-only solutions contained (in mM): 75 CaCb, 2.5 KCl, 10 HEPBS, 0.1 

EDT A, 0.1 Glycine, 1 Glutamate, pH 8 with Ca(OH)2. Stationary single-channel data were acquired, 
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processed, and analyzed in QuB (SUNY at Buffalo, Buffalo, NY). Currents were idealized using the SKM 

algorithm [397]. Single-channel voltage-ramps were recorded and processed in pClamp (Molecular 

Devices). Analysis of voltage-ramp data was done using custom scripts in MATLAB 201 la (Mathworks, 

Natick, MA). During voltage ramps, cells were bathed in (in mM): 142 KCl, 5 NaCl, 10 HEPES, 5 EGTA, 

1.7 MgCb and pH= 7.4 with KOH to offset the resting membrane potential of HEK293 cells. Applied 

voltage was initially stepped from Oto +100 m V and ramped to -60 m V over 4 sec then stepped back to 0 

mV. All sweeps were averaged to yield a time-averaged <i> amplitude as a function ofrecording potential 

(E). To correct for leak current and capacitive transient current during the step pulses, sweeps that contained 

no channel activity (typically 5 - 13 sweeps per patch) were averaged to produce a baseline current and this 

was subtracted from the original <i>-E waveform. The unitary Ca2+ current was determined as described 

previously [139] first by fitting <i>-E data with: 

Ii) = (E - E 3.1) (r . ( l )+ v . (1- l )J
\ rev in e p(E-E,,.,) I out e p(E-E,,,.) 1+ 1+ 

where Erev is the reversal potential, Y in and Your are the inward and outward conductance, respectively, and p 

reflects the sharpness of the transition between inward and outward current. The extrapolated Y in calculated 

for several external Ca2+served to evaluate the steepness of the conductance/[Ca2+] dependency (Eq. 3.1). 

3.2 

where Ymin is the limiting inward conductance in the presence of high extracellular Ca2+ (75 mM), 0.5 is the 

activity coefficient of Ca2+ in physiological solution, and h is a coefficient which sets the steepness with 

which the limiting conductance is reached. In our cells, we found h = 9.5 pS/mM for GluNl-2a/GluN2A. 

From these data, the fractional Ca2+ current (fca) was calculated directly as : 

I 
f ca = I+ rmax I 0.5-[Ca2+]·h 

3.3 
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where Ymax is the limiting inward conductance in the absence of extracellular Ca2+. Table 3.1 summarizes 

these results. 

3.3.5 Statistics 

Statistical tests were performed with custom scripts in Rand MATLAB 201 la (Mathworks, Natick, MA). 

The nonparametric Mann Whitney U test was used for comparison because CDI data tended to follow non

normal distributions as determined from the Lillifore's and Anderson-Darling tests . Fitting of CDI models 

to CDkQ-Po data and Jahr models to single-channel voltage-ramp data were performed with custom 

software with the built-in statistics toolboxfittype command using the least-squares method in MATLAB 

201 la (Mathworks, Natick, MA). 

3.3.6 Ca2+ diffusion simulations 

Ca2+ diffusion in the presence of chelator (B) was modeled according to the basic reaction scheme: 

Ca 2
+ + B +<--> CaB 3.4 

The diffusion-accessible volume surrounding a single point source of Ca2+ influx in an infinite planar 

impermeable membrane barrier was subdivided into hemispherical shells of increasing distance (r) from 

the point source. Spatiotemporal Ca2+ diffusion profiles were simulated as described previously by solving 

a discretized version of Fick's law in hemispherically symmetrical space [364,411 ,412]: 

where the time-dependent change in [Ca2+](t) and [B](t) in each shell, n, is defined by a unique set of 

differential equations. To account for the hemispherical geometry, An= 2mn2 is shell surface area and V n = 

2n:/3(rn - rn-1)3 is shell volume. 

The first set of boundary conditions concern distances close to the channel pore [364]: 
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3.6 

lim a[Ca2+] = J = ica 
r➔ O at 2F 

lim a[B] = 0 
r➔ O at 

where the [Ca2+] at close proximity to the channel pore is set by the Ca2+ flux through the channel and 

therefore the fractional Ca2+ current (ica). Given this condition, the equivalent boundary condition of the 

buffer concentration at close distances to the pore will be O owing to complete buffer saturation. These 

boundary conditions are defined as [364]: 

if n = I and channel open 
Jn =r2:~~ 

{° 
else 

3.7 
n = I and channel open 

if[BL= d[BL 
else 

dt 

Thus, the flux term is only applied in the first shell ( closest to the channel) when the channel is open. The 

second set ofboundary conditions considers diffusion at far distances from the channel [364]: 

3.8 
lim a[B] = B 
r➔oo at global 

Under conditions of high buffering (BAPTA), Ca81oba1 = 0 and B81oba1 = [BT] owing to complete repletion of 

buffer levels at far distances from the Ca2+ source. Both Ca2+ diffusion simulation and numerical 

simulations of CDI models were performed using the ode23tb solver in MATLAB 201 la (Mathworks, 

Natick, MA). 
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3.4 Model derivations 

3.4.1 Rationale and Assumptions 

Here we derive relations for the strength of steady-state Ca2+-dependent inactivation (CDI) with channel 

activity (Po). In the presence of strong intracellular Ca2+ buffering from exogenous chelators or endogenous 

binding proteins as in dendritic compartments, the increase in cytosolic Ca2+ from influx through an open 

channel is spatially restricted to small local nanodomain volumes near the mouth of the pore [413 ,414]. 

Consequently, during gating, the resultant spike in Ca2+ concentrations tightly synchronizes with channel 

opening. Because under these conditions these Ca2+ spikes represent the sole drivers oflocal CaM activation 

in the vicinity of the channel pore, predictions can be made based on the response of models to this 

frequency-dependent stimulus. Thus, we derive testable relationships predicting steady-state CDI as a 

function of steady-state channel Po. Furthermore, in accordance with our experimental conditions using 

different CaM constructs, we consider the behavior of the models using N-lobe fast Ca2+-binding kinetics. 

To develop the conceptual models of channel/calmodulin (CaM), several data-guided assumptions were 

made: (1) channel-CaM stoichiometry is 1: 1 [275], (2) the inactivating CaM molecule does not diffuse out 

ofthe nanodomain space during channel gating [254,402], (3) the apoCaM association site on CO is spatially 

indistinct from its effector site [254,407], and (4) all NMDA receptors at the membrane occupy one of the 

states in the model during the recording. 

3.4.2 Holocalmodulin Association Model 

The conceptual framework for a holocalmodulin (holoCaM) association model is as follows (Figure 3.5A, 

top): should apoCaM not sufficiently associate with the channel under physiological conditions, the model 

of CaM/channel can be simplified by restricting Ca2+ binding to CaM prior to CaM association with the 

channel. We define CDI as the occupancy of state 3 (holoCaM bound to the channel). We scale this value 
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by our experimentally measured value of CDimax = 0.8 (Figure 3.3B) to account for the basal low Po of 

inactivated channels [236,402]: 

CDJ(t) = CDimax · Pi(t) 3.9 

This equation predicts time-varying CDI. Experimentally, however, measured we the magnitude of CDI at 

steady-state from macroscopic recordings. To transform equation 3.9 to a time-invariant system as a 

function of the channel activity (Po) we first consider the behavior of the Ca2+/CaM binding (Figure 3.5A, 

boxed region) subsystem in response to pulsatile spikes in Ca2+ concentration (Figure 3.5A, middle). This 

subsystem is fully described by the following set of differential equations: 

d~ 2 'ff-=-P -kon-Ca +P -ko11dt I 2 

3.10 
d~ 2 - = -P ·koff + P · kon · Cadt 2 I 

The occupancy of state i of the above two state subsystem can be solved explicitly after integration as: 

3.11 

Integration constants, C, and C2, are solved by evaluating Eq 3.11 at initial conditions Pi(0) = 1, Pj(0) = 0; 

and Pi(0) = 0, Pj(0) = 1. The rate constant k, = k,nCa2 and k2 = k,rr. During channel opening, state 2 has a 

time constant= l/(konCa2+ korr). During channel closing, [Ca2+] = 0 and state 2 decays with a constant= 

llkorr. Thus, given fast N-lobe binding kinetics, the holoCaM state quickly reaches steady-state relative to 

channel mean open time, t = Topen ;::; 5 ms, and closed time, t = Tc1ose = (Topen - Po Topen)/Po. In response to 

pulsatile Ca2+ inputs from channel opening and closing, the subsystem adopts pulsatile behavior with the 

fraction of time in holoCaM state defined as: 
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p = k on ·Ca2 channel open
2,high k .C 2 + k 

on a off 
3.12 

P = k off = 0 channel closed 
2,low k C 2 k 

on. a + off 

Because k,nCa2> > 1/Topen and k,rr < < 1/Tclosed, P2(t) tightly synchronizes with channel opening and closing. 

Thus, the time-averaged value of each state during stationary channel gating over a period of time, T, can 

be defined as: 

I T 

(~(t))=lim--f ~(t)dt~P0
T➔oo T 

1=0 
3.13

I T 

(~(t))=lim--f ~(t)dt~I-P0
T➔oo T 

t=O 

With this approximation using fast N-lobe kinetics, the two-state subsystem can be condensed into a single 

compound state (Figure 3.5A, bottom). The forward rate constant from state 1-2 to state 3 becomes aPo. 

Returning to Eq 3.9, the steady-state value of CDI measured from whole-cell recordings can be predicted 

according to this model by: 

a·P0
Model 1: CD/(oo) = CD/max -~(oo) =CD/max · 3.14 

a·P +/J0 

Evaluating Eq 3.14 across Po and holoCaM affinities reveals as holoCaM affinity increases, the system 

behaves with saturation kinetics and approaches CDimax. Similarly, as holoCaM affinity decreases, the CDI

Po relationship becomes effectively linear across possible Po values (Figure 3.5B, top). This can be 

quantitatively established by taking the second derivative with respect to Po: 
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3.15 

It can be appreciated that as /Jla increases the derivative with respect to Po approaches 0. 

3.4.3 Apocalmodulin Preassociation Model 

The conceptual framework for the apocalmodulin (apoCaM) preassociation model is as follows (Figure 

3.SC, top): if apoCaM sufficiently associates with the channel in the absence of Ca2 
+, then apoCaM 

association must precede Ca2+ binding to CaM. Using the fast binding kinetics of the CaM N-lobe, states 2 

and 3 can be coalesced into a single compound state. With this simplification, the transition rate from 

compound state 2, 3 to state 1 becomes b(l-Po). Thus, the occupancy of compound state 2,3 is (Figure 

3.SC, bottom): 

P,. = a 3.16 
2,3EQ a+ b(l- Pa) 

To transform the above relationship to quantify the occupancy of state 3 only, we observe that during 

channel opening, the average lifetime of intermediate state 2 is l/(b+Ca2korJ ;::; 0 given fast CaM binding 

kinetics and lib when the channel is closed with a steady-state occupancy of a/(a+b). In this manner, the 

time-averaged occupancy of state 2 during stationary channel gating can be approximated as: 

a
-•Tl T p -T +P -T closed

(}; (t)) = lim _ .f}; (t)dt :::, 2,high closed 2,low open a+ b 3.17 
T➔00 T T +T

O closed open T closed + T,,pen 

where Tc1osectl(Tc1osed + Topen) = 1 - Po. Returning to Eq 3.9, CDI can be quantified by subtracting the 

occupancy of state 2 from compound state 2-3: 
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Model 2: CDJEQ =CD/max ·(~,3EQ-~EQ)=CDJmax ·[ ( )- a-(l-Po)J 3.18 
a+b· I-P0 a+b 

Evaluating this equation across the possible values of Po predicts a more linear relationship. This equation 

also predicts that as CaM affinity for the channel decreases, strong upward curvature is revealed as shown 

by the first and second derivatives with respect to Po (Figure 3.5D, top): 

3.19 

From this set of equations, it can be seen that as b/a increases, the rate of CDI exhibits upward curvature. 

In conclusion, this upward curvature represents a key factor distinguishing Model 2 from Model 1. 

Additionally, because each model predicts unique CDIEQ-Po relationships, the above models allow us to 

make no assumptions regarding the physiological values of a, b, a, and ~ which are only approximately 

known from in vitro binding studies. Thus, leaving these as free parameters will allow extrapolation of the 

physiological Ko of either holoCaM or apoCaM in the living cell when the models are fit to the data. 

3.4.4 Quantitative validation of model simplifications 

We can quantitatively validate these simplifications of the three-state model by assessing the deviation in 

state 3 occupancy predicted by Eq 3.14 and Eq 3.18 from direct numerical simulation of the full 3-state 

system (Figure 3.5A) in response to pulsatile Ca2+ inputs. We define the time-averaged occupancy of each 

n state: 
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3.20 

where by law ofprobability for N states in the system: 

N 

I(~(t)) =1 3.21 
n=l 

Further, by analogy to Eq 3.9, we define: 

3.22 

With this approach, we performed numerical simulations of stationary channel gating with Topen = 5 ms and 

Tc1osed adjusted to the specified Po. Integration was performed using the MATLAB ode23tb solver. The 

results of these simulations show that the main distinguishing features of model l (Figure 3.5B, bottom) 

and model 2 (Figure 3.5D, bottom) CDkQ-Po relations are not artifacts of the simplifications employed to 

derive the models. 

3.4.5 Comment on models using C-lobe kinetics 

Thusfar, we have predicted distinct behaviors between two possible models of CaM/channel association. 

The unique behavior of each model was revealed by restricting Ca2+ binding to the N-lobe of CaM. The 

binding and unbinding kinetics of Ca2+ from the N-lobe are fast relative to channel gating and, thus, the 

timecourse of the Ca2+ signal, thus, the model adopts a pulsatile behavior. However, the unbinding kinetics 

of the C-lobe are slower relative channel opening and the Ca2+ signal. Therefore, the simplification we 

applied to the above models by coalescing the two-state Ca2+-binding subsystem into a single state no longer 

holds. It was previously shown that the behavior of such a system, instead, can be well approximated by 

transforming the konCa2 rate constant to konCa2Po [364,415]. Applying this transformation to our conceptual 

three-state systems each predict nearly identical CDhQ-Po relations that follow saturating kinetics. Thus, 
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CaM constructs allowing Ca2+ binding at the C-lobe lack sufficient resolution to distinguish between the 

proposed models. 

3.5 Results 

3.5.1 Define new metric to evaluate specifically CDI of NMDA receptors 

Presently the literature documents several metrics to quantify the extent of NMDA receptor CDI but the 

reported values are difficult to reconcile across experimental conditions, most likely due to uncontrolled 

confounding factors. Aside from effects on response kinetics, external Ca2+ controls NMDA receptor 

conductance [140] ; and aside from Ca2+, the kinetics and extent of NMDA receptor macroscopic 

desensitization vary with external glycine concentrations [184,416], mutations [ 417], and post-translational 

modifications [218,220,288]. To exclude contributions from these separate Ca2+-dependent and Ca2+

independent forms of NMDA receptor current modulation, we developed a new method to specifically 

monitor changes in CDI. 

First, we aimed to separate CDI from the intrinsic desensitization ofmacroscopic NMDA receptor currents 

(MID). MID can be observed and measured in Ca2+-free solutions as the steady-state fractional residual 

current (1 - Iss/Ipk), and can theoretically take values from zero (non-desensitizing) to unity (fully 

desensitizing) (Figure 3.lA). In external Ca2+, currents are smaller and desensitize deeper and faster. We 

define CDI specifically as the increased desensitization of the macroscopic response observed in Ca2+, 

relative to Ca2+ -free conditions (Eq. 3.23); it can also take values from zero (non-inactivating) to unity 

(fully inactivating) (Figure 3.lA). 

3.23 

92 



AGlu (Gly) Glu (Gly) B Nl N2A

,Ll ,,~;r[;~I~ 
pk 

1. 0 * 
~ 
r-----7 

08 
§ 
0 

C 

Cl 
u 0 

0 

Figure 3.1: Measuring CDI of NMDA receptors (A) Simulated macroscopic NMDA receptor 
currents in Ca2+-free medium (black) display intrinsic desensitization (MID, 1-Ipk/Iss); in external 
Ca2+ (red, 2 mM) currents have lower peaks and increased desensitization; superimposed traces 
normalized to Ipk illustrate current reduction due specifically to Ca2+-dependent inactivation (CDI, 
shaded area). (B) Schematic of GluNl (Nl , blue) with alternatively spliced cassettes CO, Cl , and 
C2, and GluN2A (N2A, green) with WlOl 7 highlighted (red line), illustrates reported CaM
binding sites. (C) Top , Paired whole-cell currents (HEK293 cells expressing Nl-2a/N2A receptors 
and YFP-CaMWT) were recorded in Ca2+-free (black) and with Ca2+ (red), and are shown 
normalized to Ipk and superimposed. Bottom, CDI (black) quantified; gray shaded, standard error. 
CDI-time curves were fitted with CDI(t) = CDIEQ + A*e-th cm_ (D) CDI time constant (left) and 
steady-state levels (right) for the conditions indicated (*P < 0.05 , Mann Whitney U test). (E) Left , 
Whole-cell current traces recorded from Nl-2a/N2A with YFP-CaMWT, using a 2-pulse recovery 
protocol in Ca2+-free (black) and with Ca2+ (red). Dashed curves indicate exponentials fitted to the 
data. Top right, fraction of recovery from MID; mean ± sem; N = 5 cells. Dashed curves, fitted 
exponentials. Bottom right, recovery from CDI determined from fitted exponential curve values . 

93 



Similar methodology helped define the CDI ofvoltage-dependent Ca2+ channels [364,418,419]. To validate 

the use of this metric for NMDA receptors, we quantified CDI in experimentally recorded currents from 

wild type NMDA receptors and from mutants known to lack CDI. Previous reports showed that NMDA 

receptor CDI requires CaM binding to the GluNl C-terminal domain CO segment [254]. However, CaM 

also binds to the alternatively spliced Cl cassette [236] (Figure 3.1B). To eliminate possible confounding 

effects of Ca2+ mediated by the Cl cassette, we used the naturally occurring splice variant GluNl-2a (Nl-

2a), which lacks Cl [254]. We expressed wild-type NMDA receptors (Nl-2a/N2A, WT) and wild-type 

YFP-tagged calmodulin (YFP-CaMWT) in HEK293 cells and recorded whole cell currents successively 

without (0 mM) and with (2 mM) Ca2+. We elicited currents with pulses of supersaturating glutamate (1 

mM, ECso, 1 - 3 µM) [161] sufficiently long such that both MID and CDI reached steady-state values (5 

s), in background glycine (0.1 mM, Gly ECso < l µM) [420,421] (Figure 3.lC), to prevent glycine

dependent desensitization [155]. We found that 2 mM Ca2+ decreased the steady state current by 58.8 ± 

8.2%. This compares well with values reported with this same metric in neurons (41 %) [253] and 

recombinant (Nl-la/N2A) receptors (46.1%) [219]. Next, we used Eq. 3.23 to calculate CDI as defined 

here, at all time-points, l(t), in paired recordings (5 sweeps per cell). We found that CDI equilibrated to a 

mid-range value, CDkQ = 0.55 ± 0.09 (N = 7), close to previously reported magnitudes, and estimate for 

the first time its relatively fast onset, • cm = 0.56 s (Figure 3.lC), which falls well-within our chosen 

observation time (5 s). 

As expected, receptors lacking the GluNl C-terminal domain (Nl t.cm) had no significant CDI (CDfoQ = 

0.08 ± 0.07, N = 6, P = 0.0005 relative to WT) (Figure 3.1D). Therefore, Eq. 3.23 correctly reports CDI 

regardless of intrinsic differences in the conductance or gating kinetics of the NMDA receptor preparation 

used [54]. Moreover, we found that adding back the CO cassette to truncated receptors (Nl t.co) rescued CDI 

to wild-type values, (-rem= 0.44 ± 0.10 s, CDfoQ = 0.44 ± 0.06, N = 7, P = 0.2 relative to WT), further 

validating the robustness of our CDI measure. 
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In addition to the two CaM binding-sites in GluNl subunits, CaM also binds to the GluN2A subunit [ 422]. 

To learn whether this site (WlOl 7) contributes to CDI, we removed it by truncating the GluN2A subunit at 

position 944 (N2A "'944
) and assayed the mutated receptors (Nl-2a/N2A"'944

) . This mutant had WT-like CDI 

(rcrn = 0.40 ± 0.07 s, CDkQ= 0.40 ± 0.08, N = 6, P = 0.6 relative to WT) consistent with previous reports 

that the CO portion of GluNl subunits is necessary and sufficient for NMDA receptor CDI (Figure 3.1D) 

[254,402]. Last, we verified the Ca2+ dependence of CDI by substituting external Ca2+ with Ba2+ [219,402]. 

As expected, our measurements also indicated the absence of CDI in these conditions (CDhQ= 0.07; N = 

5, P = 0.0002) (Figure 3.1D). 

Next, we determined the kinetics of recovery from CDI using a classic two-pulse protocol consisting of a 

conditioning glutamate pulse (5 s) followed after increasingly longer resting intervals by a test glutamate 

pulse (2 s) [191], with glycine present continuously. We performed this protocol in Ca2+-free and 2 mM 

Ca2+ external solutions (Figure 3.lE, left) and fitted Eq. 3.23 to data to determine the recovery time from 

CDI, •rec = 9.3 s (Figure 3.lE, right). This value is substantially shorter than values reported in previous 

studies, which did not isolate CDI from MID [368]. 

Together, these results validate the use of Eq. 3.23 as a robust, rigorous, and specific metric for NMDA 

receptor CDI across experimental conditions and preparations. They also establish for the first time that 

CDI equilibrates and recovers faster than previously reported. In subsequent analyses, we use the 

equilibrium CDI value (CDkQ) as a consistent index of CDI magnitude. 

3.5.2 Define a cellular system to specifically isolate CDI 

HEK293 cells express low endogenous levels of CaM and CaM-modulated enzymes [ 423]. In the preceding 

experiments, we overexpressed recombinant CaM to preclude possible variability in the observed CDI due 

to uncontrolled levels of endogenous CaM. Thus, we asked whether experimental manipulations in CaM 

expression levels affect NMDA receptor CDI in our system (Figure 3.2A). In cells transfected with only 
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NMDA receptor subunits (Nl-2a, N2A, and GFP) the measured CDI (0.26 ± 0.07) was about half that 

observed in cells that overexpressed recombinant CaMWT (Figure 3.lC). This suggests that the levels of 

endogenous CaM (CaMendo) are insufficient to produce full inactivation, and that the extent of NMDA 

receptor CDI may have been underestimated in previous studies [368]. To test this possibility, we 

overexpressed recombinant CaM1234, a CaM mutant with Asp to Ala substitutions at all four Ca2+-binding 

sites rendering it Ca2+ insensitive [349]. We reasoned that if the increase in CDI produced by CaM 

overexpression reflects limitations on CDI imposed by subsaturating levels of endogenous CaM, 

overexpressing CAMm 4 would reduce CDI even further by a dilution effect. Consistent with this scenario, 

we found that overexpressing CaM1234, abolished CDI (0.01 ± 0.09; P = 0.8 relative to CaMendo). Taken 

together these results indicate that in HEK cells, endogenous levels of CaM produce about half of the CDI 

observed with CaM overexpression and, therefore, manipulating cellular CaM levels can effectively 

modulate NMDA receptor CDI. 

This conclusion is supported by Western blots, which show that in HEK293 cells transfected with either 

wild type or mutant CaM we detected substantially more intense staining for the higher molecular weight 

CaM (YFP-CaM) relative to untagged CaM (endogenous) (Figure 3.2B, top) . The blots also showed a lack 

of low molecular weight species in the YFP-stained gel, confirming the integrity of the YFP-CaM protein 

through the experiment. The measured CDI was independent of cell-to-cell variability in the level of 

overexpressed CaM, as evaluated by fluorescence intensity, thus controlling for possible non-specific 

effects of overexpressed proteins (Figure 3.2B, bottom). Importantly, intracellular EGTA, a slow Ca2+ 

buffer, or TPEN (a non-specific divalent chelator) did not affect CDI in cells expressing either CaM 

construct, whereas intracellular BAPT A, a fast Ca2+ buffer, substantially reduced CDI in all cases, as 

previously reported (Figure 3.2C). Intracellular chelators themselves did not exhibit any effect on MID 

(Figure 3.2C, top). 
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Figure 3.2: CaM levels modulate CDI magnitude (A) Traces illustrate paired whole-cell recordings 
obtained from HEK293 cells expressing NMDA receptors and CaM as indicated, normalized to lpkand 
superimposed. (B) Left, western blots of proteins isolated from HEK cells transfected with GFP and YFP
CaM, WT or mutant, as indicated at top, and probed with antibodies specific for CaM, GFP, and YFP as 
indicated at right;*, nonspecific bands from CaM primary antibody. Right, CDI dependency on cell-to-cell 
variation for CaMwT (red), CaMendo (GFP, gray), and CaMm4 (green); relative CaM expression measured 
as YFP fluorescence. Shaded regions reflect the upper and lower 95% confidence intervals of the fits (bold 
lines). (C) Top, whole-cell current traces recorded under indicated intracellular buffering conditions. 
Bottom, Summary results from measurements as in (A) with the indicated metal chelators included in the 
recording pipette (mean± sem. *P < 0.05, Mann Whitney U test). 
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Our observation that even strong intracellular Ca2+ buffering ( with BAPT A) preserves a significant fraction 

of CDI is consistent with previous results and supports the hypothesis that the Ca2+ sensor (i. e. the CaM 

pool responsible for CDI), whether freely diffusing or associated with the channel, resides proximally to 

the fluxing pore [253]. To discern between the preassociation and the Ca2+-triggered association models, 

we set up to estimate the distance between the Ca2+-source (channel pore) and the Ca2+ sensor (CaM) by 

first calibrating the magnitude of CDI to intracellular levels of Ca2+ and then ascertaining the distance at 

which fluxed Ca2+ reaches the concentration necessary to produce the experimentally-observed CDI. 

3.5.3 Calibrate the magnitude of CDI to intracellular [Ca2+] levels 

We manipulated intracellular [Ca2+] by filling the recording electrode with buffered solutions of controlled 

free [Ca2+] (HEDTA, Kn= 4 µM). In HEK293 cells expressing Nl-2a/N2A receptors and CaMwT, we 

recorded whole-cell currents in response to glutamate applications (1 mM for 5 s) with background glycine 

(0.1 mM). Relative to traces recorded in 0 µM intracellular Ca2+, which remained stable from sweep to 

sweep, with 50 µM Ca2+, we observed a slow time-dependent decrease in steady-state current levels (Figure 

3.3A), as expected for slow dialysis upon break-in. We calculated CDI with Eq. 3.23 for each sweep by 

relating its waveform to that recorded at break-in (0 min), ahead of substantial [Ca2+] influx. Fitting a 

monoexponential function to the time-CDkQ data, we found that CDI equilibrated within - 8 min ofbreak

in ( data not shown). In subsequent experiments, we used 15 min as a consistent time point to measure CDI 

for a given intracellular [Ca2+]. We verified that the reduction in NMDA receptor current observed upon 

Ca2+ dialysis was Ca2+-dependent, CaM-dependent, and CO-dependent as required for CDI (Figure 3.3A). 

With this approach we varied the intracellular free [Ca2+] between 0.5 and 50 µM (Figure 3.3B) and fitted 

the Hill equation to the Ca2+ concentration-dependent increase in CDI to estimate a half-maximal dose ECso 

= 4. 7 ± 0.3 µM for free [Ca2+], a maximal effect CDimax = 0.80, and a cooperativity factor n = 1.8 (N = 4 -

7 for each Ca2+ dose). 
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Figure 3.3: Determining CDI sensitivity to [Ca2+]. (A) Left, Whole-cell NMDA receptor currents 
recorded with 50 µM free Ca2+ in pipette, at indicated times after break-in. Right, Summary of CDI values 
at 15 min post break-in, with indicated constructs and the permeant divalent cation (Ca2+ or Ba2+). Intra, 
intracellular; Extra, extracellular. (BJ Left, Currents recorded from NMDA receptors with indicated free 
[Ca2+] in the pipette recorded at 15 min post-break-in. Right, intracellular Ca2+ dose-response data (black) 
and fitted Hill function for WT receptors (red); pretreated with calcineurin inhibitor (green, ECso= 3.9 µM; 
CDimax = 0.76); or NlARPAAR(blue , ECso = 5.2 µM; CDimax = 0.78; blue), *P < 0.05, Mann Whitney U test. 
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These results show that even in maximally effective intracellular free [Ca2+], a considerable residual current 

persists, and indicate that fully inactivated NMDA receptors continue to gate, with a lower open probability 

(Po). This is consistent with previous single-channel recordings of 'inactivated' channels [276,373]. In our 

hands, the measured CDI sensitivity to internal free [Ca2+] was independent of the Ca2+ -dependent 

phosphatase calcineurin [218,424], and was not caused by binding of effluxed Ca2+ ions at the external 

DRPEER motif [228,372]. First, treatment with an inhibitor of calcineurin (6 µM FK-506, 30 min) had no 

effect on the measured [Ca2+] sensitivity ofCDI (EC so= 4.9 ± 1.2 µM ; Figure 3.3B, blue). Second, a mutant 

NMDA receptor that lacks the external Ca2+-binding site (Nl ARPAAR) had wild-type-like sensitivity (ECso = 

2.8 ± 0.6 µM; Figure 3.3B, green). Thus, the dialysis assay measured precisely and specifically the CDI 

produced by controlled concentrations of free intracellular [Ca2+]. Together these experiments demonstrate 

that CDI magnitude is a robust reporter ofthe free [Ca2+] that engages CaM to initiate CDI. At what distance 

from the mouth of the NMDA receptor channel can we expect to find this concentration? 

3.5.4 Estimating the distance between the Ca2+source and CaM 

We simulated spatiotemporal Ca2+ diffusion profiles from a point source based on Fick' s law in 

hemispherically symmetrical space as described previously [364,411 ,412]. This model predicts that channel 

openings produce steep spatiotemporal [Ca2+] gradients near the mouth of the channel, which can be 

approximated for a given radial distance and a known time-averaged unitary Ca2+ flux. 

We first determined the unitary fractional Ca2+ current (ica) ofNl-2a/N2A channels at each external Ca2+ 

tested from conductance changes measured by single-channel voltage ramps (Figure 3.4A; Table 3.1). Our 

values were similar to those obtained from native rat hippocampal receptors using this method [139] and 

with optical measurements [142,425]. We scaled the unitary ica by the equilibrium Po measured from 

stationary single-channel records for each extracellular Ca2+ concentration (Figure 3.4B; Table 3.1) to 

estimate an average unitary Ca2+ flux at steady-state ( <ica>). Because CDI measured from steady-state 

macroscopic currents reflects the ensemble inactivation produced by the steady-state time-averaged [Ca2+] , 

the CDI vs. [Ca2+] relationship can be transformed to a CDI vs. <ica> function. We varied extracellular Ca2+ 

100 



between 0 and 5 mM (in constant 150 mM Na+) and found that half-maximal CDI occurred for Elso = 0.02 

pA Ca2+ current. Hereafter, we restricted our analysis to these conditions to avoid reduction in unitary 

current due to Ca2+-block [143]. To relate these data into CDI sensitivity to intracellular [Ca2+], we 

determined the [Ca2+]/flux ratio, G = [Ca2+]/<ica>, as ECso/Elso, and for Nl-2a/N2A channels, we found 

this to be G = 235 µM/pA. 

With this experimental value, we estimated the distance at which CaM resides (rcaM) using Ca2+ diffusion 

simulations [413 ,426] and, using Eq. 3.24, found this to be 9 nm. 

3.24 

Given that Eq. 3.24 assumes no buffer saturation, which may not hold in close proximity to the pore, we 

also used an alternative approach. We simulated Ca2+ diffusion from a point source using a discretized 

version ofFick' slaws assuming hemispherical symmetry in the presence ofdiffusible buffer [364,411 ,412]. 

Results of the Ca2+ diffusion simulation show that the temporal Ca2+ profile rises within a sub-millisecond 

timescale to a steady-state value during channel opening and decays to background Ca2+ within a sub

millisecond timescale of channel closing. Thus, relative to the slow millisecond timescale gating kinetics 

of the channel, the temporal Ca2+ profile in the presence of buffer during channel opening can be 

approximated well as a stepwise pulse from 0 µM to a steady-state value during channel opening. Therefore, 

for simplicity we used the steady-state spatial free [Ca2+] profile when determining rcaM- The free Ca2+ 

profile from the simulation is transformed to reflect the single-channel G factor by normalizing the 

concentration to the measured unitary Ca2+ current, ica. Finally, this unitary open channel G factor (Go) is 

transformed to reflect channel stochasticity in the steady-state macroscopic response according to the 

previously derived relation [412]: 

P, 1-n 

G=G ·-0
- 3.25 o 
n 
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where G is the steady-state macroscopic gain, n is the Hill coefficient determined from intracellular dialysis 

which we found to be 1.8 (Figure 3.3B), Po is the single-channel steady-state open probability, and Go is 

the free intracellular [Ca2+] generated by channel opening normalized by the unitary Ca2+ current, iea. 

Assuming an initial Ca2+ diffusion coefficient (Dea) of 0.4 µm 2/ms [364,411], we calculated that G 

corresponded to reaM= 9 nm (Figure 3.4C, top) , consistent with our first approach. However, Dea values 

are approximate; we varied this parameter, and found that for the range between l0xDea and 0.lxDea, reaM 

varied between 3 nm and 16 nm. Further, systematically varying other buffer diffusion (DB) and buffer 

binding kinetics (kon) parameters also had little effect on the estimate ofreaM for a given value ofDea (Figure 

3.4C, bottom). Therefore, in all cases, CaM likely exists well within the Ca2+ nanodomain (<50 nm) 

generated by the channel, and is likely temporally coupled to the receptor's activity. 
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Figure 3.4: CDI dependency on unitary Ca2+ influx. (A) Top left, schematic of voltage ramp protocol 
and average leak current (<i1eak>) detected during cell-attached voltage ramps with no channel activity 
(gray). Single-channel Na+-only currents (iNa ) from a single sweep (black) and averaged over 70 - 100 
sweeps (red). The averaged current (<i>) was recorded at multiple external [Ca2+] (0 - 75 mM). Bottom left, 
the <z> data used to fit the Jahr and Stevens model (white line) to determine conductance (yin), reversal 
potential (Erev), and fractional Ca2+ current (fca) (1 ). Right, Representative stationary unitary currents in cell
attached patches at the indicated external [Ca2+]; i , unitary current amplitude, C, closed, and 0 , open current 
levels. (B) Top, Whole-cell currents recorded with the indicated external [Ca2+] (5 mM BAPTA internal). 
Bottom, CDI measured with increasing external [Ca2+] plotted against the equivalent unitary Ca2+ current 
corrected for channel opening, <ica>. Hill equation fitted (red line) to data (black) gives Elso = 0.024 pA. 
(C) Top, Simulated steady-state Ca2+ spatial profile during channel opening corrected for channel Po
[Ca2+]/flux ratio experimentally derived as ECso!Elso (red line) predicts rcaM= 9 nm (red arrow); range of 
rcaM (blue arrows). Bottom, Systematic error in the model evaluated upon varying BAPTA kinetic (kon) and 
diffusion (DB) parameters. 
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3.5.5 Probing CaM/receptor interaction models 

Our observations that CaMm 4 can ablate CDI in HEK293 cells and that the receptive CaM resides within 

nanometers distance from the pore are consistent with a model where apoCaM resides on the CO segment 

of the Nl. However, given the low level of CaM endogenous to HEK293 cells, it is conceivable that 

overexpression of CaMm 4 excludes CaMendo from the nanodomain volume, thus reducing its access to the 

channel. To more rigorously test whether apoCaM preassociates with the channel, we considered the 

behavior of two conceptual models of CaM/channel interaction and their response to a train of Ca2+ spikes 

produced by channel gating (Figure 3.5A, B). Using reported in vitro values of CO affinity for apoCaM 

[407] and holoCaM [236], we found that each model predicted unique time-dependent behaviors. Next, we 

considered these behaviors as we varied the frequency of the Ca2+ trains, by systematically varying the 

channel Po (Figure 3.5Ci, iii) . To simplify the three-state conceptual models into two-state models, we 

restricted our analysis to only the fast Ca2+-binding lobe ofCaM (N-lobe) (Figure 3.5A, B). For each model, 

we derived the equation that predicts the steady-state magnitude of CDI (CDIEQ) as a function of steady

state Ca2+ influx as determined from channel open probability (Po) using a holoCaM association kinetic 

scheme (Model 1; Eq. 3.14) or a apoCaM preassociation kinetic scheme (Model 2; Eq. 3.18). We measured 

CDimax directly with our Ca2+ dialysis assay, and found it to be 0.8 (Figure 3.3). 
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Figure 3.5: CDI models reveal unique, testable behaviors. (A) Top, Model l represents Ca2+-dependent 
CaM binding to NMDA receptors. Middle, Time-dependent behavior of subsystem ( dashed) assuming only 
N-lobe Ca2+ -binding binding in response to a train of activity. State 2 (CaCaM) of the subsystem is pulsatile 
between P 2,high and P 2,1ow occupancy, synchronous with gating. Bottom, Simplified two-state model. (B) Top, 
Model 2 represents apoCaM association with NMDA receptor and subsequent Ca2+ binding. Middle, 
Simplified two-state model. Bottom, Behavior of condensed states 2,3 in response to a train of Ca2+ in-flux. 
The system oscillates between P 2,3,high and P 2,3,Iow . P 2,3,Iow is set by the fraction of channels primed with 
apoCaM at rest, P 2,high. (C) (i) Evaluation ofmodel l. (ii) Deviations ofthe simplified model from numerical 
integration the full three-state model show no change in overall shape or predicted behavior. (iii) Evaluation 
of model 2. (iv) Deviations of the simplified model from numerical integration of the full three-state model 
were minimal. Left, Single-channel activity elicited by indicated glutamate concentration. Right, 
Calibration curve for glutamate concentration and Po determined from cell-attached single-channel 
recordings. 
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Importantly, even when varying apoCaM and holoCaM affinities for CO, which are known only under in 

vitro conditions [254,369], the predicted CDhQ-Po relations remained distinct from each other (Figure 

3.SC). Therefore, these relationships impose no assumptions regarding the values of CaM affinity for the 

channel, and allow us to keep them as free parameters. In addition, we took two important precautions. 

First, we measured CDI in HEK293 cells loaded with 5 mM BAPTA to restrict Ca2+ elevations to local 

Ca2+ nanodomains, which synchronize with channel gating and, therefore, with Po- Second, we co-expressed 

channels with CaM34, to restrict Ca2+ binding to the N-lobe. In our cells, mutants with ablated Ca2+-binding 

at either the N- or C-lobe were fully able to elicit CDI (data not shown). Biochemically, N- and C-lobe 

mutants are equally capable of displacing actinin from GluNl CO, which is a likely molecular determinant 

of CDI [274]. 

3.5.6 Resident apoCaM mediates CDI 

To control the steady-state Po, we varied the glutamate concentration used to elicit current. Using cell

attached single-channel recordings, we first calibrated the glutamate concentration to the channel 

equilibrium Po. The resulting [Glu]-Po relation allowed the [Glu]-CDhQ relation measured from whole-cell 

recordings to be transformed to a CDhQ-Po relation (Figure 3.5D). Under these conditions, the measured 

CDhQ-Po relationship is roughly linear, as predicted by model 2 (Figure 3.6A). Fitting equations 1 and 2 

to these data estimated the physiological apoCaM Kn= b/a = 0.19 µM (R2 = 0.929; SSE= 0.021). We noted 

that model 1 could also fit the data when holoCaM koff >> kon,with a predicted holoCaM Kn= ~/a= 0.489 

µM (R2 = 0.934; SSE= 0.019). However, this is unlikely to be true given substantial evidence that holoCaM 

has much higher affinity for CO than apoCaM [254,369,427], weakening the case for model 1. 

We further probed the models by altering CaM affinity for the channel. The main feature distinguishing the 

models is the upward curvature revealed by Model 2 at low affinity values. A previous study pointed to 

several hydrophobic residues on GluNl CO (850-862) as critical for CaM binding (Figure 3.6B, top) [428] ; 

specifically, a Trp residue is a critical anchoring site for CaM to many target proteins [325,429]. We 

introduced a point mutation at W858 on CO [369,402], which clearly perturbed CDI (Figure 3.6B, bottom). 
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However, because WT channels have a max Po= 0.62 our ability to resolve the upward curvature was 

limited. We improved the resolution of the CDkQ-Po relation by incorporating data obtained with the high

652 652po mutant [ 417], GluNl A Y (Po= 0.81) (Figure 3.6C, top). GluNl A Y itself did not prevent CDI (Figure 

3.6C, bottom left), and the double mutation GluNl A652
Y, wsss also reduced CDI (Figure 3.6C, bottom right). 

With these data, we observe clear upward curvature, which is only predicted by model 2 (Figure 3.6D, 

Figure 3.SC). Fitting the model to this pooled dataset, and assuming GluNl A652
Y does not perturb 

CaM/channel binding, predicted an apoCaM Kn= b/a = 18.167 µM, nearly two orders ofmagnitude larger 

than predicted for wild-type, and consistent with a critical role for CO W858 in binding CaM. 

Based on our collective data and consistent with previous results we propose a kinetic mechanism for 

activity-dependent CDI of NMDA receptors with the following distinguishing features (Figure 3.7). At 

rest, NMDA receptors interconvert between primed (apoCaM bound) and CaM-free forms; upon agonist 

binding both forms activate and initially gate with similar high Po to initiate Ca2+ influx; the fluxed Ca2+ 

reaches - 140 µM at - 9 nm distance from the pore, engages apoCaM, and CaCaM-bound channels switch 

into low Po (inactivated) to initiate CDI within 0.5 sec. Upon glutamate removal, channels deactivate, the 

Ca2+ gradient dissipates and closed channels recover from inactivation into the resting state, within 9.2 sec. 

This model incorporates numerous means of CDI regulation, including reciprocal affinities of apoCaM and 

NMDA receptors, apoCaM affinity for Ca2
+, CaM concentration, and NMDA receptor Ca2

+-permeability 

and gating kinetics. Therefore, the model predicts that changes in these parameters, whether physiological 

or pathological, will influence the rate and extent of NMDA receptor CDI. 

107 



B NlCOA 1.0 

Mode~ 
N1-2awsssA/N2A~ 

0 
u 

J~ 
) t lOµM Glu lO00µM Glu 

~ Model 1 
o.o ........~~~~~ 

0.0 P0 1.0 

C N1-2aA652Y/N2A 
Po 

81 D

WvlJU~~IL[~ 0.3 

1~2Ca" ~~ ~ 
0 Ca 2+ 

2s oo~'r'--~~~~ 
N1-2aA652Y Nl-2aA652Y,wsssA · 0.0 P0 1.0 

Figure 3.6: CaM preassociates with NMDA receptors. (A) CDI-Po data for Nl-2a/N2A coexpressed with 
YFP-CaM34 in HEK293 cells fitted with model 1 (gray) and model 2 (blue). (B) Top, CO sequence indicates 
CaM binding region. Residues are color-coded by property relevant to CaM binding: positive charge (blue), 
negative charge (red), hydrophobic (gray). Bottom, Whole-cell currents recorded from Nl-2awsssA/N2A 
receptors have reduced CDhQ at all glutamate concentrations tested. (C) Top, unitary Na+ currents ofhigh
Po mutant Nl-2aA652Y, wsssA/N2A. Bottom, whole-cell currents from the mutants indicated. (D) CDhQ-Po 
profile with pooled data from Nl-2aA652

Y/N2A (black circles) and high-Po double mutant Nl-2aA652
Y, 

wsssA/N2A (red circle) fit with Model 1 (CaCaM association, grey) and Model 2 (apoCaM association, blue) 
(N= 4). 
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3.6 Discussion 

We used a new rigorously controlled quantification of NMDA receptor CDI, which is independent from 

the channel ' s intrinsic kinetics and conductance. This allowed us to compare CDI across mutants and 

experimental conditions and to estimate, by two methods, that the pool of CaM responsible for CDI 

responds to NMDA receptor Ca2+-flux within - 9 nm of the channel pore. In addition, we present evidence 

that CaM associates with NMDA receptors prior to receptor activation and measure relatively short 

inactivation (0.5 s) and recovery (9.2 s) times. To our knowledge, this is the first electrophysiological 

evidence for apoCaM preassociation with NMDA receptors in living cells. These results and conclusions 

are consistent with recent experimental data indicating that brief synaptic events initiate NMDA receptor 

CDI [257]. Thus, in addition to a serving as a protective feedback mechanism at extrasynaptic sites, CDI 

likely serves multiple physiological roles, including modulating Ca2+ influx during synaptic transmission. 

3.6.1 A standardized metric for Ca2+-dependent inactivation 

A lack of consistency in the mathematical definition of NMDA receptor CDI across existing studies has 

likely contributed to the high variability of CDI values reported in the literature and hampered the rigorous 

investigation of this process. Some studies quantified CDI as the "percentage of macroscopic 

desensitization", which assumes that no desensitization occurs in the absence of Ca2+ [219,275,402,430] ; 

this approach most likely overestimated CDI. To address this limitation, subsequent studies aimed to 

eliminate the contribution of glycine-dependent desensitization by focusing on currents elicited with varied 

agonist concentrations [253]. However, agonist concentration also influences channel Po and thus the influx 

of Ca2+ that triggers CDI (Figure 3.6); this approach most likely underestimated CDI. In addition, 

variability in the preparations used whether due to differences in the NMDA receptor isoforms expressed, 

or in the levels of endogenous CaM may have contributed to the broad range of reported CDI values. Here, 

we adapted a metric initially developed for voltage-gated channels [364,418,419], which corrects for 
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intrinsic Ca2+-independent desensitization (Eq. 3.23). With this approach, we show that in some cases 

endogenous levels of CaM may be insufficient to support full CDI of NMDA receptors (Figure 3.2); and 

that fully inactivated channels gate with substantial open probabilities (Figure 3.3). 

3.6.2 ApoCaM preassociation is a conserved mechanism of ion channel regulation 

CaM is an ancient, highly conserved Ca2+ sensor, which through direct interaction with a variety of target 

proteins, imparts Ca2+ sensitivity onto fundamental cellular processes. This general mechanism assumed 

initially that the interaction between CaM and its target proteins is Ca2+-dependent. However, ensuing 

evidence demonstrated that CaM may interact with targets independently of Ca2+ [ 431] . The multiplicity of 

Ca2+ permeable channel families that associate with apoCaM, including Cav [432], Nav [281 ,433], 

TMEM16A/16B [434], RyR [435], SK channels [436], IP3R [437], suggests that preassociation with 

apoCaM is an evolutionarily conserved mode of ion channel regulation. In support of this hypothesis, 

mutations that upset the apoCaM interaction with Ca2+ or with the channel correlate with pernicious diseases 

[334,337,438,439]. Our functional evidence for apoCaM preassociation with NMDA receptors adds 

NMDA receptors to the list of channels that use this regulatory mechanism. Our in situ estimated KD for 

the NMDA receptor/apoCaM interaction (0.19 µM) is lower than that observed in vitro [369,407]. This 

may reflect key differences in the undisturbed cellular milieu, which may affect CaM affinity for its targets, 

such as post-translational modifications [345]. Further, additional factors may control apoCaM association 

with its targets; for example, within dendritic spines, high levels of neurogranin increase Ca2+ dissociation 

from holoCaM, and thus increase the fraction of apoCaM within this microenvironment [403,440]. Such a 

local enrichment of the mobile pool ofapoCaM may increase its association with NMDA receptors to affect 

the range of CDI values. 

3.6.3 Divergent mechanisms for local/global Ca2+ signaling 

From a physiological standpoint, CDI of Ca2+-permeable channels may represent an auto inhibitory 

mechanism likely safeguarding against excess Ca2+ influx and its cytotoxic effects. However, aside from 

being sensitive to this 'local' Ca2+ influx, CDI may reflect the response to other, proximal or more distant, 
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Ca2+ sources (global Ca2+). Sensitivity to local and/or global Ca2+ is ascertained experimentally by 

examining the effects of intracellular application of fast (BAPTA) and slow (EGTA) Ca2+ buffers [ 426]. 

This approach established that Cav channels can respond differentially to local and global Ca2+ transients 

[441] due to distinct affinities of the two CaM lobes for Ca2 
+, combined with distinct affinities of CaM

binding sites in Cav channels for apoCaM and CaCaM [364]. 

Our data together with previous studies strongly suggest that in NMDA receptors, the apoCaM and CaCaM 

sites overlap [254 ], thus predicting low or non-existent lobe-specific spatial selectivity to the Ca2+ source. 

Therefore, both local and global Ca2+ may initiate NMDA receptor CDI. This hypothesis is consistent with 

evidence suggesting that CDI of NMDA receptors may occur in response to Ca2+ sources other than the 

target receptors [253 ,442]. However, if, as proposed in our model, during NMDA receptor activation all 

primed channels inactivate, additional Ca2+ elevations from other sources (global Ca2+) would play only a 

minor role during periods when NMDA receptors are active. This mode ofprimary sensitivity to local Ca2+ 

may dominate, especially in dendritic spines where spine geometry and endogenous buffering restrict Ca2+ 

diffusion away from the source. 

3.6.4 Insights into the Molecular Mechanism of CDI 

Given that CDI has been predominantly studied using macroscopic currents, which manifest on a slow 

timescale(> 1 sec), it was previously deemed unlikely that CDI ofNMDA receptors would play a role in 

modulating fast excitatory synaptic transmission [253]. However, in this study we revealed that the rates of 

inactivation (0.5 sec) and recovery (9.3 sec) are faster than reported earlier (Figure 3.lC, E). Even based 

on these new faster values, complete inactivation is unlikely to occur during a single synaptic event ( < 100 

ms; Figure 3.7). However, the fraction of primed channels and their gating properties at the time of 

stimulation will influence the extent to which inactivation develops and set the stage for a broad dynamic 

CDI range. This activity-dependent auto-inhibitory feedback allows the cell to tune individual channels 

within a designated range ofactivity. Consistent with this, applying purified CaM on the intracellular leaflet 

of outside-out membrane patches accelerates the deactivation kinetics of macroscopic currents in response 
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to a brief glutamate pulse, in agreement with the hypothesis that CDI can manifest rapidly [373], including 

during a single synaptic event [256,257]. Given that CDI ofNMDA receptors will also depend on numerous 

other intracellular factors such as a-actinin and CaMK.11 [274,402,427], derivation of kinetic models for 

CDI in physiological conditions remains an area of future research. 

3.6.5 Physiological roles of NMDA receptor CDI 

At central synapses, upon binding glutamate, NMDA receptors transition into highly active (Po, max) Ca2+ -

permeable conformations (Figure 3.7) [192] and their activity sets the decay kinetics of the synaptic 

response. This decay is critical in setting the pre/postsynaptic spike interval necessary for determining the 

magnitude and direction ofplasticity. To recapitulate the experimental observations computational models 

of spike-timing-dependent plasticity required the inclusion of a direct CaM/NMDA receptor inhibitory 

interaction [ 404]. Specifically, when the postsynaptic spike preceded the presynaptic spike, the inhibitory 

CaM/NMDA receptor interaction was necessary to decrease the NMDA receptor mediated Ca2+ influx, to 

predict long-term depression. While brief synaptic events can initiate NMDA receptor CDI, complete 

inactivation requires longer periods of activity. Such prolonged activations may occur during periods of 

high frequency stimulation that engage not only synaptic receptors, but also non-synaptic receptors through 

glutamate spillover [ 443]. In this context, factors that affect CDI may serve to control the amplitude and 

time course of the synaptic current as well as influx at non-synaptic locations. 
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Figure 3.7: Proposed sequence of molecular events underlying CDI. The model posits that at all times, 
NMDA receptors exist in a dynamic equilibrium of CaM-free (teal) and CaM-bound (magenta) receptors, 
which depends on endogenous levels of CaM, and the mutual affinities of the two partners. Upon binding 
agonist (Glu), receptors transition into highly active (Po, max) Ca2+-permeable conformations, leading to 
current influx ( • rise) and the formation ofintracellular Ca2+ nanodomains (red). Intracellular Ca2+ binds CaM, 
according to the local level of Ca2+ in the vicinity of CaM, and only CaM-bound channels transition into 
inactivated conformations (Tern), which have very low activity (Po,cm), leading to a population of active 
and inactivated channels. Upon glutamate removal, both active and inactivated receptors lose glutamate 
and deactivate with unique time constants, and the current decays with composite kinetics (•decay). As 
intracellular [Ca2+] dissipates, Ca2+will dissociate from CaM, returning inactivated channels to their resting 
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In summary, based on the results reported here we put forth a dynamic model of interactions between Ca2 
+, 

CaM, and NMDA receptors that describes quantitatively the phenomenon presently referred in the literature 

as Ca2+-dependent inactivation. This model explains how multiple factors/mechanisms can control NMDA 

receptor CDI by changing the fraction of active/inactivated receptors. However, several specific questions 

remain regarding NMDA receptor regulation by CDI, including the molecular mechanism of CDI 

sensitivity to global Ca2 
+, the kinetic mechanism of CDI, and delineating the cellular factors regulating 

CDI. Precise characterization of these events promise to reveal new tools to modulate NMDA receptor 

activity and may have translational value in addressing Ca2+-related disorders and calmodulinopathies. 
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4 Chapter Four: Spatial coupling via Ca2+ diffusion tunes 

the ensemble response of NMDA receptors 
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Chapter Four: Spatial coupling via Ca2+ diffusion tunes the ensemble response 

ofNMDA receptors 

4.1 Abstract 

In the central nervous system, NMDA receptors generate large and highly regulated Ca2+ signals, which are 

critical for synaptic development and plasticity. Receptors are highly clustered at postsynaptic sites and 

along dendritic arbors, but whether this spatial arrangement affects their output is unknown. Synaptic 

NMDA receptor currents are subject to Ca2+ -dependent inactivation (CDI), a type of activity-dependent 

inhibition that requires intracellular Ca2+ and calmodulin (CaM). We asked whether Ca2+ influx through a 

single NMDA receptor influences the activity of nearby NMDA receptors, as a possible coupling 

mechanism. Using cell-attached unitary current recordings from GluNl-2a/GluN2A receptors expressed in 

HEK293 cells and from NMDA receptors native to dissociated hippocampal neurons, we measured 

amplitude transition probabilities in multi-channel patches and used a coupled Markov model of 

cooperative gating to determine the extent ofreceptor coupling (K). In the absence of extracellular Ca2+, we 

observed no cooperativity (K < 0.1), whereas in 2 mM external Ca2+, both recombinant and native channels 

showed measurable negative cooperativity (K = 0.27). Intracellular Ca2+-chelation or overexpression of a 

Ca2+-insensitive CaM mutant, reduced coupling, consistent with CDI representing the coupling mechanism. 

In contrast cooperativity increased substantially (K = 0.68) upon increasing receptor clustering, by 

overexpressing the postsynaptic scaffolding protein PSD-95, Together, these new results demonstrate that 

NMDA receptor activity is negatively coupled through CDI, and the degree of coupling can be tuned by 

the distance between receptors, which suggests a role for channel clustering in tuning activity-dependent 

NMDA receptor inhibition. 
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4.2 Introduction 

In the mammalian central nervous system, ionotropic glutamate receptors mediate the majority of excitatory 

neurotransmission. Among these, AMPA and NMDA receptors are the primary drivers of synaptic 

plasticity. Within the composite electrical signal generated in response to presynaptic glutamate release by 

these two channel types, the slowly decaying NMDA receptor component sets both the time-interval for 

spike-timing dependent plasticity and mediates the majority of Ca2+ influx into the postsynaptic cell. 

However, excess elevations in intracellular Ca2+ through NMDA receptors is also pathologic and 

contributes to many debilitating psychiatric conditions including epilepsy, autism, depression, as well as 

chronic neurodegenerative conditions such as Alzheimer' s. 

Within the small volume of a dendritic spine (- 0.1 fL) , the glutamate receptor array is organized along the 

postsynaptic membrane in highly compact, heterogeneous microdomains [ 444]. Establishment of these 

domains is critical in glutamate receptor regulation [ 445] and optimal alignment to presynaptic vesicle 

release sites [ 446]. Scaffold proteins such as postsynaptic density protein-95 (PSD-95) are a primary 

mediator of NMDA receptor clustering within synaptic and nonsynaptic regions [447]. Mutations that 

perturb PSD-95 association with its partners are strongly associated with neurological disorders such as 

autism, epilepsy, and schizophrenia [ 448]. Further, strong Ca2+ buffering capacity and spatial restriction by 

anatomically narrow necks generally restrict NMDA receptor-mediated Ca2+ elevations to the postsynaptic 

spine compartment [7]. 

NMDA receptor-mediated Ca2+ flux is critical to initiating synaptic plasticity [304,408]. Yet, it also quickly 

and transiently reduces subsequent NMDA receptor activity through the process of Ca2+-dependent 

inactivation (CDI) [219,253 ,256,368,449]. NMDA receptor CDI is a rapid (rem - 0.53 s [449]) form of 

activity-dependent feedback inhibition mediated by calmodulin preassociated with NMDA receptors. CDI 

can also be elicited by Ca2+ spillover from AMPA receptors, voltage-gated Ca2+ channels [ 442], or kainate 

receptors [ 450]. Although NMDA receptors generate Ca2+ signals large enough to modulate remote SK 
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channels [303], it remains unknown whether NMDA receptor activity can tune the activity of neighboring 

NMDA receptors. 

In this study, we tested the hypothesis that NMDA receptor activity is sensitive to Ca2+ spillover from 

neighboring NMDA receptors. We probed the activity ofNMDA receptors in multi-channel cell-attached 

patches and obtained the first evidence that both recombinant and native NMDA receptors display 

negative cooperativity mediated by Ca2+ and calmodulin, which enables channels to coordinate their 

activity in space. Thus, Ca2+-dependent inactivation imparts NMDA receptors with an elegant 

spatiotemporal feedback mechanism. By identifying the sequence of events and the players involved, our 

results pave the way to investigating the roles played by NMDA receptor CDI in physiologic and disease 

states. 

4.3 Methods 

4.3.1 Cell Culture and Transfection 

HEK-293 cells (CRL-1573, American Type Culture Collection), a gift from A. Auerbach (University at 

Buffalo), were grown in DMEM (lnvitrogen, Grand Island, NY) with 10% FBS and 1 % penicillin

streptomycin and were sustained in 5% CO2 atmosphere at 37°C. Cultures at - 50% confluence, were 

transfected with rat GluNl-2a (U08262. l) or GluNl t.cm (a construct lacking the intracellular tail after 

aa838), and either GluN2A (M91561.l) or GluN2A"'F1244 (a construct lacking the intracellular tail after 

aal244), and YFP-CaMwT, YFP-CaM12, YFP-CaM34, or YFP-CaMm 4 in a 1:1 :l ratio with PSD-95 as 

indicated in a 1: 1: 1:5 ratio. All CaM constructs were gifts from Drs. Inoue (Johns Hopkins) and Ben Johny 

(Columbia). All constructs were verified by full insert sequencing. 

Hippocampal neurons were harvested from Sprague-Dawley rat embryos at embryonic day 18. A pregnant 

rat was euthanized in a CO2 chamber, decapitated, and the uterus was surgically removed. Embryos were 

decapitated, and the heads were placed on ice in lX PBS. Hippocampi were removed and placed in cold 
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saline supplemented with sucrose, glucose, and HEPES (pH 7.4). Cells were dissociated using trypsin and 

trituration via a stereological pipette with a 40-µm strainer (BD Falcon, Franklin Lakes, NJ). Dissociated 

cells were plated on poly-d-lysine-coated 35-mm dishes at a density of 5 x l 05 cells/ml with minimal 

essential medium (Invitrogen, Grand Island, NY) supplemented with 10% FBS, glucose and 1-glutamine. 

After 24 h, the medium was replaced with neurobasal medium containing B27 supplement (Invitrogen, 

Grand Island, NY), glutamine, and l % penicillin-streptomycin. Subsequently, half of the medium was 

refreshed every 5 days . Cultures were used for electrophysiological measurements between days 15 and 30 

after plating. All procedures were performed in accordance with National Institutes of Health (NIH) 

guidelines and approved by the Institutional Animal Care and Use Committee of the University at Buffalo. 

4.3.2 Western Blotting 

We transfected HEK293 cells with the indicated constructs, and harvested and lysed them 24 h post

transfection, with 1 % SDS lysis buffer. We removed debris and contaminating DNA/RNA by centrifugation 

15 min at 13 RPM. Equal amounts ofproteins in the supernatant were loaded onto 5% SDS polyacrylamide 

gel to achieve separation between endogenous CaM (17 kD), GFP (37 kD), YFP-CaM ( 44 kD), and GluNl-

2a (100 kD). Proteins were electrotransferred onto PDF membranes and probed with rabbit anti-CaM 

antibody (ab45689, lot: GR123440-4; 1:2500; Abeam, http://www.abcam.com/); mouse anti-GFP 

(MAB1083, lot: NGl 720568; 1:5000; Millipore, Billerica, MA), and rabbit anti-GluNl-pan (MAB1586, 

lot: 2739489, 1:1000; Millipore). Hybridizations occured overnight at 4°C for primary antibodies, and 1 h 

at room temperature for secondary antibodies (rabbit or mouse anti-HRP, 1: 10,000). 

4.3.3 Calmodulin purification 

The method was adapted from a previous protocol [ 451]. Briefly, RosettaTM bacterial strain transformed 

with wild type calmodulin plasmid (gift from Geoffrey S. Pitt, Duke University) was grown overnight at 

37°C on LB/Amp/chloramphenicol plate. Single colonies were used to inoculate 10 ml LB with 100 µg/ml 

Amp and 25 µg/ml chloramphenicol culture. Cells were grown at 37°C until A6oo = 0.6 - 0.8 and chilled on 

ice for 30 min. IPTG (0.5 mM final) was added to induce protein expression and cells were grown at l 8°C 
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for 18 - 24 hrs. Cells were centrifuged for 1 min at 16,000 x g and frozen as a pellet at -20°C. Expression 

was confirmed by 12% SDS-PAGE gel and Coomassie stain. Pellet was re-suspended with ice-cold lysis 

buffer with protease inhibitors and 10 µM CaCh. We added 900 µ110 mg/ml lysozyme (in lysis buffer with 

protease inhibitors and 10 µM CaCb), mixed gently and incubated 30 minutes on ice. Cells were lysed by 

the addition of 1 ml 10% TX-100 in lysis buffer with protease inhibitors and 10 µM CaCh, 100 µl IM 

MgCh, 100 µ110 mg/ml RNase A, 100 µl 2 mg/ml DNase I (Sigma D5025) and incubated on ice for 30 

min with occasional inversion. We added another 100 µl of 2 mg/ml DNase I and incubated 30 min on ice. 

Purification was performed using the phenyl sepharose (HiTrap Phenyl FF low sub). Supernatant was 

supplemented with final concentration of 5 mM CaCh. Column was equilibrated with 5 column volumes 

elution buffer at 1 ml/min and washed with 5-10 column volumes equilibration buffer (50 mM Tris-HCL, 

pH 7.5, containing 5 mM CaCh and 0.1 M NaCl). Sample was applied to the column at room temperature. 

While monitoring absorbance, the column was washed with 5-10 column volumes of 50 mM Tris-HCl, pH 

7.5, containing 0.1 mM CaCb, and 0.1 M NaCl until absorption at 280 nm returned to baseline. Column 

was then washed with 5-10 column volumes with 50 mM Tris-HCl buffer, pH 7.5, 0.1 mM CaCb, 

containing 0.5 M NaCL Protein was eluted with 50 mM Tris-HCl buffer, pH 7.5, containing 1 mM EGTA. 

Column was regenerated by washing with 5 column volumes of distilled water. CaM-containing fractions 

were dialyzed against distilled water and confirmed by gel electrophoresis. 

4.3.4 Immunostaining and cluster size measurement 

HEK-293 cells (P23 - P30) were plated on glass-bottom culture dishes coated with poly-L-ornithine and 

laminin. After 24 hrs recovery in 37°C, transfected cells were live-stained with wheat germ agglutinin 

conjugated with Alexa Fluor 568 (1 :500) in DMEM for 15 min at 37°C. Cells were then washed and fixed 

with 4% paraformaldehyde in PBS. Cells were blocked in BSA. Cells were then surface-stained for NMDA 

receptors with mouse anti-pan-GluNl (MAB1589, lot: 2739489, 1:1000, Millipore) overnight at 4°C. Cells 

were then permeablized with triton-X and subsequently washed and stained with rabbit anti-PSD-95 

(abl8258, lot: GR291396-l , 1:500; Abeam) overnight at 4°C. Cells were then incubated with secondary 
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antibodies donkey anti-rabbit Alexa Fluor 647 (ab 150075, lot: GR289683-l , l: l 000; Abeam) and goat anti

mouse Alexa Fluor 488 (abl50113, 1:1000; Abeam). Cells were imaged using a CoolSnap HQ camera 

(Roper Scientific, Surrey, BC, Canada) mounted on a Nikon TE-2000E inverted fluorescence microscope 

at l OOX oil-emersion lens with NA = 1.45 and MetaMorph imaging software. A 2x2 binning was applied 

resulting in a 0.126 µm/pixel spatial resolution. For each field of view, images were taken with a l sec 

exposure time. Images were subsequently analyzed using ImageJ (NIH) first by manually detecting 

particles using the Threshold tool and subsequently measuring punctae size using the Analyze Particle tool. 

Results were filtered to remove punctae with an area of l pixel2 to minimize contribution of background 

noise to detection results. 

4.3.5 Electrophysiology 

Unitary currents were recorded in cell-attached patch clamp with an applied potential of +80 mV. 

Borosilicate pipettes (15 - 25 M.Q) contained ( extracellular) 150 mM NaCl, 2.5 mM KCl, 10 mM HEPBS, 

0.1 mM EDTA, 0.1 mM glycine, 1mM glutamate, pH 8 with NaOH, and with 1.8 mM free CaCb (buffered 

according to the software MAXC, www.maxchelator.stanford.edu). Bath solution was PBS supplemented 

with 2 Ca2+ and 2 Mg2+. When indicated, cells were pretreated with 6 µM FK-506 (lnvivoGen, San Diego 

CA; CAS: 109581-93-3; Batch: FK57-03) and either 20 µM EGTA-AM (AnaSpec Inc., Freemont CA; 

CAS: 99590-86-0; Batch: 97114) or BAPTA-AM (Trocis Bioscience, Bristol UK; CAS: 126150-97-8; 

Batch: 5A/153906) supplemented with 20% Plurionic F-127 (Sigma; CAS: 9003-11-6; Batch: 

SLBLl 780V) in DMSO, for 30 min at 37°C. Treated cells were rinsed with PBS and allowed to rest for 10 

min at room temperature prior to recording. 

Unitary currents were amplified, low-pass filtered (10 kHz) and sampled at 40 kHz with Axopatch 200B 

(Molecular Devices; PCI-6229, National Instruments). The number of channels in each patch was 

determined by visual inspection of the record and counting of stacked openings during periods longer than 

20 min. All data were acquired and processed with QuB software (Buffalo, NY). Currents were idealized 

using the SKM algorithm using a 12 kHz digital filter and a 25 µs dead time [397]. Idealized records were 
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exported as DWT files for further analysis in MATLAB 2017b (Mathworks, MA). To control for possible 

effects of electrostatic charges at the membrane on local diffusion of intracellular Ca2+, we monitored the 

liquid junction potential using the K+-salt bridge method. We found the liquid junction potential difference 

to be negligible: 1.1 ± 0.1 mVin OCa2+ and 0.8 ± 0.1 m Vin 2 Ca2+(n = 5). 

Ensemble currents were recorded with the whole-cell patch clamp held at -80 m V. Borosilicate pipettes ( 4 

- 5 MQ) were filled with intracellular solution containing 135 mM CsCl, 35 mM CsOH, 4 mM MgATP, 

0.3 mM Na2GTP, and either BAPTA or EGTA as indicated, and buffered to pH 7.4 (CsOH). Extracellular 

solutions contained 150 mM NaCl, 2.5 mM KCl, 10 mM HEPBS, 0.1 mM EDTA, and 0.1 mM glycine and 

cells were bathed in PBS with Ca2+ and Mg2+. Free Ca2+ concentrations were obtained by adding CaCh as 

calculated according to the software MAXC. Solutions were applied using a focal perfusion pencil 

(Automate Scientific) attached to an 8-valve pressurized solution exchange system (BPS-8, ALA 

Scientific). After amplification and filtering at 2 kHz (Axopatch 200B; 4-pole Bessel, Molecular Devices, 

Sunnyvale, CA), currents were sampled at 5 kHz (Digidata 1440A, Molecular Devices) and acquired and 

analyzed with pCLAMP 10.5. For all recordings, seal quality was ascertained by monitoring series 

resistance. 

Macroscopic responses were elicited by applying glutamate (1 mM) for 6 s in extracellular solutions without 

(Na) or with 2 mM Ca2+ (Ca). The peak (lpk) and steady state (lss) current levels were measured to calculate 

the magnitude of equilibrium CDI (CDhQ) as: 

Charge density (J) was measured as the ratio of whole-cell peak Na+ current (lpk,Na) to the cell capacitance 

measured as the increase in the capacitive transient current upon entering whole-cell mode. 
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4.3.6 Analyses of channel cooperativity 

4.3.6.1 Binomial Distribution Analysis 

A common test for channel gating cooperativity is to observe unitary current amplitude distributions in 

multi-channel patches and compare it to the binomial distribution expected for channels that gate 

independently [ 452]. To evaluate deviations from independence, we compared the fractional occupancies 

of unitary conductance levels (P(n)) within a patch ofN channels predicted by a binomial distribution: 

P(n)= N! J>;'(l-PJN-11 4.2 
n!(N-n)! 

where N is the hypothesized total number of channels in the patch, Po is the open probability of a single 

channel, and n is the number of channels open simultaneously (n = 0, l ... , N) to that predicted from 

simulations of currents from N channels using previously derived NMDA receptor gating models, with and 

without external Ca2+ [140]. Simulated currents were idealized using the SKM algorithm [397]. For ease of 

comparison, all figures show data from two-channel patches. 

4.3.6.2 Coupled Markov Chain Analysis 

The extent of channel cooperativity can be evaluated quantitatively by estimating a coupling factor k, which 

can be calculated by estimating transition probabilities observed in unitary currents recorded from 

multichannel patches [ 453]. Briefly, we modelled individual channels as two-state processes governed by 

a set of forward and reverse transition probabilities, a and ~' respectively: 

a v- 4.3[ l-JJ 

For any N channels with independent gating, the transition probabilities are determined by the Kronecker 

product of V: 

4.4 
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For N channels with perfect negatively-coupled gating, the transition probability matrix is: 

a I-a 0 

1-/J /J 0
p C = 4.5 

0.5 0.5 0 

The two matrices are related by a single coupling coefficient, 1c: 

P(0)=(l-K)P1 +KPC 

B={a,/J,K} 4.6 

o::s; K:s;I 

We determined the parameters describing this model (a , /J, and JC) from empirical transition probability 

matrices, A, using the Baum-Welch algorithm in MATLAB's hmmestimate built-in function from 

multichannel patches using a gradient descent method: 

0• = argmin½IIA(0)-AII: 
4.7 

0• = arg min F (0) 

through minimizing the cost function, F(0) , where A(0) is: 

A(0) =(l-K)LPR+KLPCR 4.8 

Rand Lare state indexing functions to account for aggregate states [ 453]. Within our datasets, evaluation 

of the cost function across all values of the free parameters, 0, did not reveal local minima that would 

confound the analysis. All parameters were constrained between O and l and initialized at 0.5 at the start 

of fitting to minimize bias. 
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4.3.7 Diffusion simulations 

We simulated Ca2+ diffusion distances in different buffers as described previously [364,412,449]. Briefly, 

channels were considered as point sources of Ca2+ in hemispherical space with the membrane as an infinite, 

impermeable plane, thereby reducing the problem to a 1D set of differential equations. The free Ca2+ and 

buffer diffusion equations were discretized according to this geometry as a finite-element model of discrete 

shells. 

Monte Carlo stochastic simulations of 2D lateral diffusion of channels within the patch pipette were based 

upon the algorithms used by MCell [454]. We modeled the patch as a symmetric 2D circle of 500 nm 

diameter centered at x = 0 and y = 0 [ 455]. The simulation is implemented with a discrete timestep, dt, 

during which channel movement is described by displacement vector, v, with 2D Cartesian coordinates (Ax, 

Ay). The magnitude of v is given by Euclidean displacement rti = .Jb.x2 + b.y2 and drawn from the 

experimentally validated density functions: 

rt,= s-.J4-D-dt 

4 2 -s2 p (S ) =-·S ·e
.[; 

wheres is a unitless random variable and P(s) is the probability of s assuming a value betweens ands+ 

ds. During each timestep, rL1 is calculated for each coordinate using the s value sampled randomly from 

P(s). The direction of each x and y component of the displacement is determined from multiplying rL1 by a 

discrete random variable that adopts values of -1 or 1 with equal probability. The NMDA receptor diffusion 

coefficient was set as 0.01 µm 2/s as determined using quantum dot analysis [ 456]. All diffusion simulations 

were performed using custom scripts in MATLAB R2017b (The Mathworks, Natick, MA). 
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4.3.8 Coupling distance model derivations 

To predict the average coupling distance among channels we considered the behavior of CDI under 

conditions of increasingly high intracellular BAPTA concentrations to spatially restrict Ca2+ diffusion and, 

therefore, nanodomain overlap. 

4.3.8.1 Probing mechanism 

We have previously shown that local Ca2+ transients during NMDA receptor activation drive CDI by 

activating a resident CaM molecule positioned close to the pore [ 449]. Our observation of functional 

coupling due to submicroscopic Ca2+ diffusion between channels provides a conceptual challenge to unify 

these two forms of modulation (local autoinhibition and coordinated inhibitory coupling) into a single 

mechanism. CaM is composed of two lobes which bind two Ca2+ ions each with different kinetics [ 457]. In 

L-type Ca2+ channels, these differential Ca2+-binding kinetics of CaM combined with the unique molecular 

interactions with the channel allow the N-lobe and C-lobe to respond specifically to global and local Ca2+ 

signals, respectively [364]. Modelling Ca2+-binding to each lobe separately as a two-state kinetic scheme, 

the time-dependent occupancy of each state is calculated by solving: 

d~ =-Pk [ca2+]2 
+ Pkdt ! on 2 off 

4.10 

dPz =-Pk + Pk [ca2+]2 

dt 2 off 1 on 

From this system of equations, we see that in response to a train of Ca2+ spikes, the local CaM molecule 

will undergo oscillations of activation. The N-lobe ' s fast binding and unbinding kinetics will conform N

iobe activation to a pulsatile waveform. In contrast, the high affinity C-lobe has slow unbinding kinetics. 

Thus, during a train of Ca2+ spikes the C-lobe remains relatively saturated throughout channel gating 

(Figure 4.8A). Furthermore, over-expression ofCaM constructs engineered to restrict Ca2+ binding to either 

the C-lobe (CaM12) or N-lobe (CaM34) in HEK293 cells (Figure 4.8B) was sufficient to mediate NMDA 

receptor CDI (Figure 4.8C). This is consistent with previous biochemical evidence demonstrating either 
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lobe of CaM is sufficient to displace a-actinin from CO, which is hypothesized to be a critical determinant 

of NMDA receptor CDI [274]. Thus, Ca2+ binding to the C-lobe of a local CaM molecule is sufficient to 

inactivate the channel. Given that this lobe remains saturated during channel gating, and assuming a 

CaM/channel stoichiometry of l: l as previously suggested [275], the additional Ca2+ from remote channels 

will unlikely facilitate further inactivation of the channel via this CaM molecule. 

In our previous study, we probed CaM-channel interactions by overexpressing CaM effectively saturating 

channels to be preassociated or coupled with a CaM molecule. However, at synapses CaM is highly mobile 

and likely present at lower concentrations relative to the apoCaM Kn at the GluNl CO low-affinity binding 

site [369,403 ,449,458]. Thus, only a fraction ofNMDA receptors will likely be preassociated with apoCaM 

at any given time. We predict that for channels already bound with CaM, their local, high amplitude Ca2+ 

influx will be the primary driver of CDI in this population. In contrast, channels not preassociated with 

CaM will be inactivated by a mobile pool of CaM engaged by Ca2+ influx from remote channels. We sought 

to derive a testable analytic expression to describe this predicted behavior as a function of an experimentally 

controllable variable: Ca2+-buffer concentration. 

4.3.8.2 Modeling the coupling oftwo channels 

To develop a model of CDI that accounts for local and global mechanisms of inhibition, we first consider 

the behavior of the simplest case: two neighboring channels. For any arbitrary arrangement of these Ca2+ -

permeable channels along a 2D membrane element, each channel will be inactivated by both the train of 

high amplitude Ca2+ spikes (Caspike) fluxed through its own pore (CDLoca1) and the Ca2+ flux produced by 

the neighboring channel (CDlg1oba1): 

CDJ(t) =CDJlocazCt) +CDJglabaz(t) 4.11 

Based upon our hypothesis that the fraction of channels preassociated with apoCaM, Fs, were sensitive to 

local Ca2+ influx and unbound channels can respond to Ca2+ influx through remote channels, we scale each 

CDI term accordingly: 
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4.12 CDJ(t) =FBCDf10cal (t) +(1-FB )CDJglobal (t) 

Intracellular Ca2+ dialysis experiments reveal that NMDA receptor sensitivity to intracellular Ca2+ can be 

described by the Hill equation [ 449] : 

[ Ca2+](t)"
CDI(t)=CDI 4.13 

max [ Ca2+] (t)" + EC;'o 

where the Hill coefficient n = 1.8 and EC50 = 4. 7 µM were determined experimentally. Because both CD Local 

and CDlg1oba1 components will be driven by the intracellular [Ca2+], this relation can be used to describe the 

Ca2+ sensitivity of both the local and global components of CDI: 

[ ca
2+] UY ] [ [ ca

2+] UY ]]CDI t = CDI F --=----=---- + l - F 4.14 
() max [ B [ [ Ca2+ ]UY+ Ec;o ( B ) [ Ca 2+ ]UY+ Ec;o 

We can deconstruct this relationship by its " local" and "global" components. The Ca2+ signal governing the 

CDI1oca1 component is the high amplitude Ca2+ transient generated by the channel (Caspike). The steady-state 

Caspike amplitude during a single channel opening event is determined by the Ca2+ current, ica, distance of 

CaM from the pore, rcaM, and the intracellular buffer concentration, Br, as described by the Neher-Stem 

relation [ 459]: 

4.15 

We have previously determined the value of the single-channel gain, G, for GluNl-2a/GluN2A channels to 

be 235 µM/pA. Thus, the steady-state local Ca2+ signal can be described as: Caspike = icaG. During the 

stationary gating of the channel in a well-mixed buffer, the timecourse of the Ca2+ transient reaches Caspike 

during channel opening and returns to O during channel closing within microseconds. Thus, the effective 

local Ca2+ amplitude can be approximated by the time-averaged local Ca2+ signal: 
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l T 

(Caspike ) = T fCaspike (t)dt ;:::: P,, Caspike 4.16 
0 

where Po is the stationary channel open probability. The global signal is potentially more complex. First, 

the close spatial proximity of channels may lead to local buffer saturation, thus, boosting the local Ca2+ 

signals and skew CDI predictions. We tested this possibility by spatiotemporal Ca2+ diffusion simulations 

from a point source in the presence of diffusible buffer. Using a physiologically relevant ica value, a single 

channel could not lead to buffer saturation at rcaM- Only by increasing ica l 00x could buffer saturation be 

observed (Figure 4.8D). Thus, in a cluster of only several channels, no substantial buffer saturation is 

expected. This allows for the linear summation of Ca2+ signals from multiple sources. The second concern 

is the temporal nature of the Ca2+ signal generated from distant channels. For local signals, the time

averaged approximation holds because the temporal Ca2+ waveform is a square like step pulse that 

synchronizes with channel opening. To test if this approximation holds for larger distances we simulated a 

train ofchannel gating and extended the spatial boundaries to 300 nm. We found that even at these distances, 

rises in [Ca2+] closely synchronize with channel gating allowing the time-averaged approximation to hold 

(Figure 4.SE). 

For a given pair of channels, the Ca2+ signal generated by the neighboring channel can be described by: 

4.17 

where r ;nt is the interchannel distance. Combining these relations into Eq 4.14, we arrive at: 

where G(rcaM, Br)and Ca(r, Br) are functions substituted by Eq 4.15 and Eq 4.17, respectively. 
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A potential source of variation in the quantification of CDI between individual channels may be the lateral 

diffusion of channels within the membrane (Figure 4.8H). As channels diffuse independently of each other 

in a patch, for example, their interchannel distance can vary substantially (Figure 4.81). Consequently, at 

any given point in time, the probability of inactivation can follow an exponential distribution itself (Figure 

4.SJ). Thus, for sufficiently long recording times, the observed degree of inactivation reflects the temporal 

average of this P(CDI) distribution. 

4.3.8.3 Modeling the coupling ofN channels 

For a population of N equivalent channels, the global Ca2+ signal is the linear sum of the time-averaged 

Ca2+ signal [ 460]. However, because the Ca2+ signal generated by a channel decays exponentially by 

diffusion (Eq 4.15), not all channels will be within sufficient range to contribute to a neighboring channel's 

inactivation (Figure 4.SF). Thus, each channel has, on average, an effective number of neighboring 

channels, Neff, which contribute to the global Ca2+ signal experienced by a given channel within a group: 

4.19 

In response to a train of Ca2+ spikes from channel gating, the high affinity C-lobe of CaM will dominate 

the activation of CaM to elicit CDI in endogenous CaM. Thus, for channels already preassociated with 

apoCaM, the local Ca2+ influx via that channel will likely dominate the contribution to its inactivation. We 

have previously found that the magnitude of CDI increases upon overexpression of CaMWT and given the 

low affinity for apoCaM [ 449], only a fraction of channels will be preassociated with apoCaM in resting 

conditions, Fs. Therefore, given the enrichment of CaM in dendritic spines [ 403], the remaining channel 

population (1 - Fs) will be the most susceptible to global Ca2+ inhibition. 

Therefore, returning to Eq 4.14 and substituting Eq 4.18 in for the corresponding CDI terms, we arrive at: 
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where G(rcaM, Br)and Ca(r, Br) are substituted by Eq 4.15 and Eq 4.17, respectively. We experimentally 

gauge FB by measuring CDI with only endogenous CaM present (CDhQ(endoJ) and normalizing by CDI 

measured upon CaMwT overexpression with the same construct (CDhQ(CaMwTJ). This normalization 

approximates FB [367]: 

CDIF _ EQendo 4.21B -
CDJEQcoMWT 

The Neff Was estimated by: 

I CN = A pk ,Na mem 4.22
ejf ejf C . 

p 1Ca 

where Aeff =merr is the effective circular area surrounding a channel where the time-averaged spatial Ca2+ 

gradient formed by a neighboring channel can generate CDhQ2'.: 0 .001 . lpk,Na/Cp is the cell charge density. 

Cp,mem is the capacitance of the membrane equal to le6 pF/cm2
. In our cells we found Neff = 0.2 assuming a 

random distribution. 

4.3.8.4 Model variants and fitting 

For reconstructing hypothetical coupling distance distributions from the data, we substituted the r parameter 

in Eq 4.20 with the expected value of a skew normal distribution probability density function where the 

location, µ, and scale, a, parameters were free and the shape, a , parameter constrained to -1 : 

4.23 
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over the range 0 < x < 200 nm where </J(x) is the normal probability density function and <JJ(x) is the normal 

cumulative density function; or an exponential probability density function: 

f(x) = a+I e-2ax (1-e-Aax ) 4.24 
a 

where 11, = 1/µ . For estimating the error on the coupling distance parameter for the model, we performed a 

bootstrapping procedure to generate 1000 artificial datasets from the original [BAPTA]-CDfoQ data and 

analyzed as the original [ 461] (Figure 4.9C). This accounts for the variance within the data. Further, as 

values of certain parameters in the model are only approximately known in experimental conditions (eg. 

BAPT A binding and resting Ca2+ in the cell), we systematically varied these parameter values in the model 

and re-fitted the data to assess how variance in these unknowns could influence the fitting results (not 

shown). 

4.3.9 Statistical Analysis 

We report CDI values as rounded means± standard error. Coupling distributions were shown as box-and

whisker plots indicating the minimum, maximum, 25 th and 75th percentile, and distribution median. All 

statistical analyses were performed using custom scripts in MATLAB and R. The nonparametric Mann

Whitney Rank Sum test was used to determine significance because CDkQ, coupling K, and unitary 

conductance level occupancies tended to follow non-normal distributions as determined using the 

Anderson-Darling and Lillifore's tests in R. Fittings of models to data were performed using the built-in 

fittype command in MATLAB R2017b with the Nonlinear Least squares error minimization method. 

4.4 Results 

4.4.1 NMDA receptor CDI varies with cellular charge density 

Values reported in the literature for NMDA receptor CDI vary widely under similar experimental conditions 

across studies (47.6 - 62%) [219,254,402,430]. This variability persists even when we controlled for other 
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forms of NMDA receptor time-dependent changes in activity by normalizing the current drop (lsJlpk) 

observed in the presence of 2 mM external Ca2+ to that observed in the absence of Ca2+ [ 449]. The extent 

of NMDA receptor CDI depends on intracellular Ca2+ and CaM levels but the observed variability could 

not be explained by differences in local Ca2+ flux [ 430] or by variation in CaM expression levels [ 449]. 

We showed recently that only receptors that are pre-bound with apoCaM are sensitive to local Ca2+ flux, 

and that not all receptors are thus primed [ 449]. Therefore, the possibility remains that Ca2+-elevations 

produced by vicinal Ca2+-sources (global Ca2+) may engage soluble apoCaM, inducing it to bind nai:ve 

receptors to produce additional CDI. Various Ca2+-permeable channels are sensitive to the activity of their 

neighbors including voltage-gated Ca2+ channels [462,463] and IP3 receptors [464]. Specifically, the 

inactivation ofCa2+ channels correlates with charge density [ 462]. We asked whether variability ofobserved 

NMDA receptor CDI could correlate similarly with possible experimental variations in receptor crowding 

on the cell surface. 

We measured CDI of GluNl-2a/GluN2A receptors expressed in HEK293 cells and the corresponding 

cellular capacitance as a proxy for cellular surface area and found that indeed, CDI magnitude was larger 

in cells with higher charge density (Figure 4.1). Importantly, this correlation disappeared when dialyzing 

cells with high concentrations of the fast Ca2+ chelator BAPTA, which restricts Ca2+-diffusion to only 

several nm from the channel pore (Figure 4.1). Together these results show that NMDA receptor 

macroscopic currents inactivate more when channels are expressed more densely and this correlation 

requires intracellular Ca2+ diffusion, consistent with a mechanism where NMDA receptors Ca2+ flux 

produces additional CDI by engaging nai:ve nearby channels. 
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Figure 4.1: Ca2+-dependent inactivation correlates with charge density. Left, responses elicited from two 
cells (i and ii) expressing GluNl-2a/GluN2A in the absence (black) and presence (red) of 2 mM 
extracellular Ca2+ are superimposed and normalized to peak. For each cell, calculated CDI (shaded area) 
and the measured current densities (J) are indicated. Right, Linear regressions fit well CDI relative to 
capacitance data. Intracellular Ca2+ buffering strongly influenced the correlation between CDI and charge 
density: EGTA; R2 = 0.923 vs. BAPTA; R2 = 0.185. 
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4.4.2 Observing single-channel inactivation 

We next sought to determine whether this effect of density was robust enough to occur between individual 

channels. If indeed Ca2+ fluxed by vicinal channels can influence NMDA receptor activity, receptors should 

display gating cooperativity when Ca2+ is a permeant ion. However, CDI has canonically been quantified 

using macroscopic whole-cell currents. Thus, we first determined whether CDI can be reliably observed in 

single-channel recordings. However, we first determined whether CDI can be reliably measured at the 

single-channel level in our system. In various ion channels, CDI is conventionally studied by measuring 

the inhibition of macroscopic currents by Ca2+. Revealing CDI in individual ion channels has been more 

challenging due to the stochastic, quantized nature of CaM/channel interactions [381] and often rely on 

quantifying either coarse gating parameters ( eg. open probability) or averaging of single-channel recordings 

to recapitulate a macroscopic current [465,466]. Thus, the deterministic approximations of CDI used 

previously [ 449] which are, nevertheless, suitable for studying population-based channel behavior may 

deviate from single-channel measurements. For a large population of N channels, the fraction of channels 

preassociated with apoCaM (Fs) can be represented at any time t by Fs(t) = Ns(t)/N, where Ns(t) is the 

number of channels bound by apoCaM at time t at rest. For sufficiently large N, Fs(t) becomes 

approximately constant for the duration ofthe experiment. However, individual channels will cycle between 

bound (Fs = 1) and unbound (Fs = 0) states over time. For an ergodic process, the ensemble average over 

a large population of N molecules converges on the temporal moving average of a single molecule over a 

long trajectory relative to the duration of the process of interest. This allows the single molecule sufficient 

time to sample all conformational space. Thus, for sufficiently long recording times, the time-averaged 

fractional occupancy of the channel bound by CaM is equivalent to Fs for N channels. This is in contrast to 

brief observation windows commonly used in voltage-gated Ca2+ channels were the stochasticity of 

CaM/channel interactions becomes apparent. 
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Figure 4.2: Quantification of CDI in single-channels. (A) Left, schematic of Ca2+ dialysis experiment 
whereby the Ca2+ in the pipette (red) equilibrates with the cytosol. The final Ca2+ concentration in the cell 
is effectively equal to the experimentally controlled concentration in the pipette. High Ca2+ (50 µM) was 
used to elicit maximum CDI. Middle, macroscopic Na+ current at break-in (black, 0 min) and 15 min post
break-in (red) illustrate the maximum CDI value to be 0.8. The effective Po (Po,EFF) and corresponding CDI 
at each state along the experiment are indicated. Complete inactivation (CDhQ= 1; P o,EFF = 0) is never 
reached experimentally, thus demonstrating that channels continue to gate while inactivated. Right, two
state representation of channel behavior transitioning from normal gating (gray) with normal 
kinetics/equilibrium Po (Po,EFF = Po,A) to an inactive state with substantially slower kinetics/low equilibrium 
Po (Po,EFF = Po,r). (B) Left, schematic of whole-cell experiment as Ca2+ influxes to the cytosol via NMDA 
receptors active at the membrane. Ca2+ diffusion establishes a concentration gradient (red). Middle, 
macroscopic currents recorded with 10 mM intracellular BAPT A in the absence (black) and presence (red) 
of 2 mM Ca2+_Equilibrium CDI (CDhQ) is quantified as currents relax to steady-state during agonist 
application. Right, example one-channel gating under continuous exposure to Glu/Gly in the presence (top) 
and absence (bottom) of physiological Ca2+_ (C) Left, macroscopic currents from GluNl t-.cm/GluN2A 
recorded with 10 mM intracellular BAPTA in the absence (black) and presence (red) of 2 mM Ca2+. No 
CDI (CDhQ) was observed with this construct. Right, example one-channel gating under continuous 
exposure to Glu/Gly in the presence (top) and absence (bottom) ofphysiological Ca2+_ (D) Top, equilibrium 
open probability (Po,EQ) recorded from single-channel patches reflect the effective open probability (Po,EFF) 
of the kinetic model in A. Bottom, comparison of equilibrium CDI magnitude (CDhQ) from whole-cell 
currents and single-channel Po. No significant difference was apparent. *p < 0.05 with Mann-Whitney U
test. 
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We can glean this equivalence between long observation windows of single-channels and large channel 

populations by comparison of macroscopic and single-channel currents. In our previous work, we studied 

CDI under conditions of strong overexpression of CaM [ 449]. This configuration results in an increased 

binding of CaM with channels at rest through mass action, thus, Ns = N and consequently Fs = l under 

these conditions. In the absence of Ca2+, ensemble currents relax to a steady-state value during which time 

individual channels gate with a normal basal Po, Pa,A- Dialysis of high Ca2+ (50 µM) into the cell saturates 

CDI to a limiting level (CDimax = 0.8) (Figure 4.2A, left). This nonzero value of CDI is consistent with 

prior studies showing that inactive channels exhibit a low-Po gating mode, Pa,1 [3 73]. We model this 

behavior as a tiered model of gating whereby individual channels stochastically switch between active (A) 

and inactive (I) gating modes (Figure 4.2A, middle). Each mode exhibits unique channel gating kinetics 

which will manifest as changes in the equilibrium Po (Po,EQ) of individual channels. When in the active 

mode (A , not bound by Ca2+/CaM), the Po,EQ reflects the high Po of this mode (Po,A). In contrast, channels 

in the inactive mode (I, bound with Ca2+/CaM) gate with P o,EQ reflecting the low Po of this mode (Pa,1). In 

physiological conditions, because maximal CDI (CDimax = 0.8) is not reached (CDkQ ;::; 0.4), not all 

channels will populate the I state at any given time. Equally, an individual channel will cycle between the 

A and/modes due to the stochastic nature ofCaM/channel interactions. Thus, as channels alternate between 

these two modes, the effective Po observed, Pa,EFF, is the composite Po of both active and inactive states: 

4.25 

where PA is the occupancy of the normal gating mode and P1 is the occupancy of the inactive gating mode. 

By law of probability, PA + P1 = l. Thus, 

P,, ,EFF = ( 1-~) P,,,A +~P,, ,1 4.26 

Channels in each ofthe A or I mode can be mapped to specific positions on the macroscopic current (Figure 

4.2A, right). In the absence of Ca2+, all channels will populate the A mode. In contrast, saturating the 

channels with CaM by overexpression and injecting high Ca2+ (50 µM) into the cell forces channels into 
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the I mode. The probability of inactivation can be quantified using only experimentally measured 

parameters as the fractional change in channel open probability in a given experimental condition, P o,EFF: 

p -Pp = o,A o,EFF 4.27 
I p -P 

o,A o,1 

The extent of CDI is quantified as [ 449]: 

CDI = CDImax~ 4.28 

where CDImax accounts for the basal low Po observed when in the inactivated I mode. As CDImax is nonzero, 

it can be determined from Eq 4.27 by considering the theoretical situation of complete inactivation where 

P o,1 = 0 and the measured P o,EFF is the low-Po I mode when inactive, P of 

p -P
CDJ = o,A o,1 4.29 max p 

o,A 

Combining Eq 4.27 and 4.29 into Eq 4.28 and after algebraic simplification, we arrive at the conclusion 

that CDI can be quantified from single-channel parameters (CDlsc) as the fractional change in channel Po 

relative to the normal gating Po in the absence of the effects of internal Ca2+: 

p -P
CDJ = o,A o,EFF 4.30 

SC p 
o,A 

External Ca2+ also exerts allosteric inhibition via residues in the external vestibule [140,228]. Thus, these 

effects must be accounted for in order to quantify CDI in single-channels. To account for this effect in 

macroscopic currents, 1) they are normalized by their peak amplitudes, thus, accounting for Ca2+-block 

which reduces channel conductance and 2) Ca2+ is pre-equilibrated in the wash solution to ensure the 

timecourse of CDI is not influenced by the timecourse of Ca2+ binding. Single-channel records of GluNl-

2a/GluN2A in the presence of Ca2+ will contain the effects of both internal (CDI) and external (allosteric 

and block) mechanisms (Figure 4.2B). Thus, the P o,A term in Eq 4.30 must reflect the single-channel 

activity where only internal effects are exerted. Because CaM mediates CDI through binding to CO on 
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GluNl c-terminal domain, truncation of GluNl c-terminal domain, GluNl t-cm , results in ablation of CDI 

(Figure 4.2C, left) [254]. Despite the lack ofCDI, these channels are still inhibited by external Ca2+(Figure 

4.2C, right; Figure 4.2D, top) [140]. In the absence of Ca2+, GluNl t-cm/GluN2A have the same activity 

and kinetics as GluNl-2a/GluN2A [54]. Therefore, truncation of the c-terminal domain does not affect the 

normal gating of the channel in Ca2+-free conditions making it a suitable construct with which to normalize 

channel activity. Alternatively, one could replace Ca2+ with Ba2+in the external solutions. However, while 

Ba2+ does not activate CaM or induce CDI in NMDA receptors, Ba2+ is less permeable than Ca2+ and exerts 

greater external effects than Ca2+ making this ion unsuitable for comparison [58]. 

By definition, when only one channel is active, there exists only the local Ca2+ signal to drive CDI [ 449]. 

Thus, we compared CDisc to the CDI measured in macroscopic currents (CD I we) in the presence of 10 mM 

intracellular BAPTA in cells over-expressing YFP-CaMwT. First, we measured CDISC using Po 

measurements from single-channel recordings. In the presence of Ca2+, GluNl-2a/GluN2A receptors 

exhibit a significantly reduced channel activity compared to without Ca2+(Figure 4.2B, D, top; 0 mM Ca2+: 

Po= 0.58 ± 0.02, n = 10; 2 mM Ca2+: Po= 0.29 ± 0.04, n = 6;p = 0.00013). To account for allosteric effects 

of external Ca2+ that occur independently of CDI, we measured activity of channels lacking the GluNl 

intracellular domain where CaM exerts its inhibitory effect but preserves allosteric effects of Ca2+ [140]. 

We found that GluNl t-cm;GluN2A receptors also exhibited inhibition in the presence ofCa2+ but to a lesser 

extent than wild-type channels (Figure 4.2C, right, D, top; 0 mM Ca2+: Po= 0.63 ± 0.03 , n = 6; 2 mM Ca2+: 

Po= 0.50 ± 0.07, n = 5;p = 0.15001). Using these measurements we found that the degree ofCDI measured 

with these two metrics agreed well with each other (Figure 4.2D, bottom; CDiwc = 0.351 ± 0.032, n = 5; 

CDisc = 0.410). Together, we concluded that CDI can be observed in cell-attached recordings. 

Importantly, the above models are only valid when comparing steady-state metrics as the single-channel Po 

was measured under stationary conditions with constant presence of saturating Glu/Gly. Thus, we restricted 

our analysis to equilibrium levels of CDI (CDhQ) that occur during the steady-state of the macroscopic 

current. Thus, the modulatory effect we observe in multichannel patches through coupling factor, K, likely 
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reflects and is proportional to CDI. Further, given the empirically demonstrated utility of macroscopically 

defined metrics of CDI in quantifying single-channel inactivation (Figure 4.2), we extend our theoretical 

model to multi-channel recordings using these metrics. 

4.4.3 NMDA receptors display Ca2+ and CaM-dependent negative cooperativity 

Given our observation that CDI can be observed at the single-channel level, we next sought to determine 

whether multiple channels were functionally coupled via Ca2+ influx boosting the degree of CDI for each 

channel. To measure this, we recording on-cell patches with at least two channels present. We evaluated 

the goodness of fit between the observed amplitude distributions and the binomial amplitude distributions 

expected for independent gating. We tailored our binomial predictions to reflect empirical data by 

simulating stochastic gating of multichannel patches using previously derived models for wild-type 

channels in Ca2+-free and 1.8 mM Ca2+ conditions (Figure 4.3A,B). We found the probability distribution 

of multiple channels being open simultaneously predicted by our empirical models closely matched the 

independence assumption predicted using the binomial distribution, Eq. 4.2 (Figure 4.3C). Thus, 

deviations away from the binomial distribution detected in our system should reflect channel gating 

cooperativity. We also measured channel cooperativity using a coupled-Markov chain algorithm derived 

and tested previously [453,467]. This metric derives a coupling factor, K, which can range from Oto 1, to 

indicate complete independence, or tight coupling, respectively, for each recording and offers the advantage 

of a quantitative comparison of the degree of cooperativity between recording conditions. Consistent with 

other studies, we used K = 0.1 as a threshold for cooperativity [ 467]. 
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Figure 4.3: (A) Kinetic models derived from single-channel recordings in the absence (top) and presence 
(bottom) of 2 mM Ca2+. Rate constants are in units of s-1

. (B) Left, simulated multi-channel recording using 
models in A for O Ca2+ (top) and 2 mM Ca2+ (bottom) conditions. Channels were simulated for 20 min of 
continuous recording time and repeated for 3 trials. Right, amplitude histogram for full 20-min simulated 
file resulting from idealization procedure with the SKM algorithm. (C) Quantification of average 
occupancy of open conductance class (gray numbers), n, determined from simulations (P(n)sim) compared 
with binomial distribution prediction (P(n)pred) for N-channel patches in the absence of Ca2+. Results were 
fit with linear regression (red dashed line) to assess agreement. 
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We recorded unitary currents using cell-attached patch clamp on HEK293 cells expressmg GluNl-

2a/GluN2A with YFP-CaMWT. When Na+ was the only permeant ion, the occupancy of each conductance 

level conformed well to a binomial distribution indicating an absence of functional coupling (Figure 4.4A, 

left) . In contrast, in 1.8 mM external Ca2+, channels dwelled more frequently in lower conductance levels 

(Figure 4.4A, middle). This novel observation represents strong evidence for negative gating cooperativity 

in NMDA receptors that flux Ca2+, but not in receptors that flux only Na+. When quantifying this data with 

the coupled-Markov model, we found that in 0 Ca2+, the coupling factor K was indeed near 0 for most 

patches (0.039 ± 0.016; n = 8), indicating the absence of cooperativity (Figure 4.4A, right). Whereas, with 

1.8 mM Ca2+, K values shifted significantly toward higher means (0.27 ± 0.05; n = 9; p = 0.001) indicating 

a moderate level of coupling. Similar to these results obtained from HEK293 expressing GluNl /GluN2A 

receptors, 1.8 mM Ca2+ increased the coupling factor from 0.002 ± 0.016 (n = 5) to 0.20 ± 0.04 (n = 7; p = 

0.001) of unitary NMDA receptor currents recorded from hippocampal soma. These results show that in 

physiologic conditions, recombinant and native NMDA receptors display negatively cooperative gating, 

and the coupling requires Ca2+-flux. 

Next, we asked whether functional coupling required diffusion of fluxed Ca2+. We pretreated cells with the 

membrane permeable Ca2+-chelators EGTA-AM or BAPTA-AM, and recorded on-cell currents with 1.8 

external Ca2+(Figure 4.4B, left). BAPTA and EGTA have similarly high affinity for Ca2+, however, they 

differ substantially ( 40-fold) in their Ca2+ association kinetics, such that BAPTA but not EGTA restricts 

Ca2+ diffusion to only several nm from the source. EGTA-pretreatment had no significant effect on K values 

(mean 0.291 ± 0.071 ; n = 8;p = 0.089), and Ca2+ flux was required to maintain coupling, since K was 0.019 

± 0.012 (n = 7) in 0 Ca2+. In contrast, BAPTA-AM reduced coupling substantially in Ca2+ to values similar 

to those observed in 0 Ca2+ (Figure 4.4B, right). Therefore, in addition to requiring Ca2+ -flux, NMDA 

receptor gating cooperativity also required intracellular diffusion of fluxed Ca2+. These results are consistent 

with a mechanism where NMDA receptor Ca2+ flux engages unprimed receptors in CDI. 
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Figure 4.4: NMDA receptors display Ca2+/Calmodulin-dependent negative cooperativity. (A) Current 
amplitude histograms obtained from two-channel cell-attached patches in the absence (left) and presence 
(middle) of external Ca2+and superimposed fits (lines) with binomial (red dotted) and Gaussian functions 
(solid black). Distributions observed in external Ca2+deviate significantly from binomial predictions. *, p 
< 0.05, Mann-Whitney U-test relative to datasets simulated for two channel patches. (Right) External Ca2+ 
increased coupling coefficient (K) values and variabilities in both recombinant GluNl-2a/GluN2A receptors 
and receptors native to hippocampal neurons. Red line indicates distribution median. *, p < 0.05, Mann
Whitney U-test. (B, left) Current amplitude histogram of GluNl-2a/GluN2A two-channel recordings in the 
presence of 2 mM Ca2+ in cells pre-treated with 20 µM BAPTA-AM showed a slight deviation from 
binomial predictions. *p < 0.05, Mann-Whitney U-test compared to simulated datasets. (Middle) Current 
amplitude histogram of GluNl-2a/GluN2A two-channel recordings in the presence of 2 mM Ca2+ in cells 
co-expressing YFP-CaMm4, a Ca2+ -insensitive mutant show no significant deviations from binomial 
predictions. (Right) Distributions of K values show that the Ca2+ -induced partial negative cooperativity is 
abolished by BAPTA-AM treatment or CaM1234 expression. *p < 0.05, Mann-Whitney U-test. Dashed 
yellow line indicates K = 0.1 threshold for cooperativity. 
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Table 4.1 : Coupled Markov Model fit results 

GluNl- Hippocampal GluNl- GluNl- GluNl- GluNl-
2a/GluN2A Neuron 2a/GluN2A + 2a/GluN2A + 2a/GluN2A + 2a/GluN2A "m 44 + 

BAPTA-AM YFP-CaM1234 PSD-95 PSD-95 

Na+ Ca2+ Na+ ca2+ Na+ ca2+ Na+ ca2+ Na+ ca2+ Na+ ca2+ 

n=9 n=8 n=7 n=7 n=8 n=6 n=8 n=8 n=5 n=5 n=6 n=7 
a= a= a= a= a= a= a= a= a= a= a= 0.965 a= 0.999 
0.931 0.991 ± 0.965 ± 0.940 0.995 ± 0.913 0.899 0.997 0.919 0.967 ± 0.054 ± 0.077 
± 0.034 0.051 ± 0.023 ± ± ± ± ± ~ = 0.971 ~ = 0.998 
0.019 ~= ~= 0.041 ~= 0.055 0.098 0.080 0.022 0.074 ± 0.068 ± 0.020 

~= 0.978 ± 0.923 ± ~= 0.963 ± ~= ~= ~= ~= ~= K = 0.012 K = 0.168 

0.945 0.024 0.036 0.905 0.048 0.998 0.962 0.879 0.974 0.934 ± 0.008 ± 0.054 
± K= K= ± K= ± ± ± ± ± p =0.027 

0.011 0.269 ± 0.063 ± 0.081 0.042 ± 0.062 0.078 0.102 0.050 0.063 
K= 0.049 0.022 K= 0.021 K= K= K= K= K= 

0.039 p= 0.295 0.048 0.034 0.034 0.011 0.683 
± 0.001 ± ± ± ± ± ± 

0.016 0.032 0.023 0.014 0.018 0.009 0.107 
p= p= p= p= 
0.002 0.846 0.998 0.001 

p represents statistical comparison of K between O mM Ca2+ (Na+) and 2 mM Ca2+ external conditions within 
groups. p was determined using Mann-Whitney U-test. 
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Given that CDI is dependent on Ca2+ binding to CaM, we asked whether channel cooperativity required 

Ca2+ binding to CaM as well by overexpressing a Ca2+-insensitive CaM mutant (CaMm 4) [468]. We found 

that in these recordings amplitude distributions conformed with a binomial distributions expected for 

independent gating and the calculated K value collapsed near 0 (Figure 4.4B, middle). Together, these 

results indicate that NMDA receptors display negative gating cooperativity which requires Ca2+ diffusion 

and Ca2+ binding to CaM and are consistent with CDI being the mechanism mediating receptor coupling. 

4.4.4 PSD-95 increases NMDA receptor coupling by Ca2+ 

An implicit hypothesis of our model is that bringing channels in closer proximity, thereby increasing the 

concentration of free Ca2+ experienced by CaM, would increase their negative cooperativity. PSD-95 is a 

synaptic scaffolding protein that clusters NMDA receptors into postsynaptic microdomains by direct 

interactions with ESDV residues at the C-terminal domain of GluN2A. We tested whether expression of 

PSD-95 alters channel cooperativity. First, we tested whether PSD-95 overexpression affected the surface 

distribution of NMDA receptors consistent with cluster formation in our system by measuring NMDA 

receptor cluster sizes on the cell surface (Figure 4.5A). Surface staining of HEK293 cells expressing 

GluNl-2a/GluN2A with anti-GluNl antibody showed a pattern of diffusely dispersed small punctae 

(Figure 4.5B; mean 0.278 ± 0.022 µm2
; n = 2046 punctae), which overlapped with a plasma membrane 

marker, wheat germ agglutinin (WGA), consistent with surface location (Figure 4.SC). PSD-95 

overexpression produced larger GluNl-positive punctae (Figure 4.5B; mean 0.366 ± 0.022 µm2
; n = 4606 

punctae; p = 0.0051 ); these also co-localized with WGA agglutinin stain and with PSD-95-positive punctae 

(Figure 4.5D). Finally, to test whether this redistribution of surface NMDA receptors was due to direct 

interactions of PSD-95 with the channel, we used a truncated GluN2A subunit (GluN2A t-F
1344) that lacks 

the PSD-95 binding site [ 469]. Expression of GluNl-2a/ GluN2At-Fl
344 with PSD-95 reduced the size of 

GluNl-positive punctae below that observed for cells transfected with only wild-type channels (Figure 

4.5B, E; mean 0.171 ± 0.012 µm2
; n = 2577 punctae; p = 0.00004). Together, these results are consistent 
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with prior work demonstrating that PSD-95 overexpression increases surface clustering ofNMDA receptor 

in HEK293 cells [ 44 7]. 

Next, we tested whether channel clustering affected NMDA receptor gating cooperativity and CDI by 

recorded unitary current amplitudes in multi-channel patches in O and in 1.8 mM external Ca2 
+, as in Figure 

4.4. In multichannel patches amplitude histograms show strong deviations from binomial predictions 

(Figure 4.6A). When quantifying the coupling coefficient, we found that PSD-95 induced even more robust 

negative cooperativity in the presence of external Ca2+ than was observed in the absence ofPSD-95 (Figure 

4.6B). 

As expected in a mechanism where negative cooperativity is mediated by CDI, PSD-95 overexpression also 

increased macroscopic CDI of wild-type receptors (CDI = 0.66 ± 0.09;p = 0.0402; n = 7) but not the CDI 

of GluNl-2a/ GluN2A11
F

1344 (Figure 4.6C; CDI = 0.44 ± 0.08; p = 0.4774; n = 5). We have previously 

shown that NMDA receptor CDI develops quickly in response to locally fluxed Ca2+ binding to the CaM 

residing on the CO segment of GluNl C-terminal tail [ 449]. Results presented here, show that diffusible 

Ca2+ can increase the NMDA receptor macroscopic CDI by a process that requires Ca2+ binding to CaM 

and that this macroscopic process correlates with negative microscopic gating cooperativity. 

Given that Ca2+-dependent cooperativity was observed in native channels (Figure 4.4A), we next tested 

whether endogenous PSD-95 could impact CDI in hippocampal neurons. To test the effect of PSD-95, we 

transfected dissociated neurons with shRNA targeting PSD-95 or a scrambled RNA control. Compared to 

both untreated (UT) and scrambled (Ser) controls, cells with reduced PSD-95 exhibited less steady-state 

CDI (Figure 4.7; CDhQ,UT = 0.394 ± 0.038, n = 4; CDhQ,Scr = 0.415 ± 0.030, n = 4; CDhQ,RNAi = 0.274 ± 

0.21 , n = 3, p = 0.031). Next, to test whether over-expression of PSD-95 could boost CDI, we expressed 

neurons with a PSD-95-GFP construct. Contrary to our observation in HEK-293 cells, overexpression of 

PSD-95 had no apparent effect on CDI (CDhQ,PSD-95 = 0.421 ± 0.024, n = 4,p = 0.113). Given that neurons 

already contain high levels of endogenous PSD-95, the effect on CDI may already be saturated, thus, 

exogenous PSD-95 would have no additive effect. 
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Figure 4.5: Immunofluorescence quantification. (A) Diagram outlining general workflow of 
immunofluorescence experiments. Exemplar HEK293 cell transfected with GluNl-2a/GluN2A viewed 
through FITC filter to illuminate alexa-488 tagged to GluNl primary antibody. Fluorescent punctae are 
detected and filtered before quantification. (B) Cumulative probability of GluNl-positive punctae area for 
the indicated constructs. (C - E, left) Representative immunofluorescence image of HEK293 cells 
expressing GluNl-2a and GluN2A and PSD-95 as indicated, and stained for GluNl (green), PSD95 (blue) 
and WGA (red); scale bar, 25 µm. (C - E, right) Correlation between normalized fluorescence between 
channels to assess colocalization. Each data point represents a pixel within the raw image. Data were fit by 
linear regression to determine correlation coefficient (R2

) and Mander' s Overlap Coefficient (MOC). (C) 
HEK-293 cells transfected with GluNl-2a/GluN2A showed strong overlap in GluNl (green channel) and 
membrane marker (red channel), wheat-germ agglutinin (WGA). No correlation was found with PSD-95 
(blue channel) as expected. (D) HEK293 cells transfected with GluNl-2a/GluN2A/PSD-95 showed strong 
overlap in GluNl (green channel) and WGA (red channel). Strong correlation was also found with PSD-95 
(blue channel). (E) HEK293 cells transfected with GluNl-2a/GluN2A11m 44/PSD-95 showed strong overlap 
in GluNl (green channel) and WGA (red channel). No significant correlation was found with PSD-95 (blue 
channel) consistent with reduced binding of PSD-95 to the channel. 
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Figure 4.6: PSD-95 overexpression boosts NMDA receptor negative cooperativity. (A) Top, representative 
current trace recorded from a two-channel patch with 2 mM external Ca in cells co-expressing YFP-CaMwT 
and PSD-95. Bottom, amplitude histogram and fitted distributions (black) showed substantial deviations 
from the binomial distribution predicted for independent gating (red dashed curves); *p < 0.05, Mann
Whitney U-test compared to simulated datasets. (B) Boxplot illustrates distributions of K values in the 
conditions indicated; *p < 0.05, Mann-Whitney U-test. (C) Left, whole-cell current recordings from cells 
expressing GluNl-2a and the indicated constructs in 0 (black) and 2 mM Ca2 (red), overlaid and normalized 
to peak; shaded area illustrates CDI. Right, quantification of , *p < 0.05, Mann-Whitney U-test. 
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Figure 4.7: PSD-95 modulates CDI in native receptors. Left, Glutamate-elicited whole-cell current 
recordings from dissociated hippocampal neurons DIV 14 - 20 from El8 rat pups in Ca2+-free (black) or 2 
mM Ca2+ (red) solution. Currents were elicited in the continuous presence of l 00 µM glycine (Gly), 5 µM 
ifenprodil (IFN), and 50 µM CNQX. (Right) CDhQ quantification ofuntransfected (UT), scrambled RNA, 
RNAi to PSD-95, or GFP-PSD-95 as indicated. *p < 0.05, Mann-Whitney U-test. 
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4.4.5 Model of negative gating coupling by Ca2+/CaM 

Our observation, thus far, is surprising because of several facts. First, the fast kinetics of Ca2+-binding to a 

local apoCaM molecule argues for CDI saturation during a single channel opening (Figure 4.8A). Second, 

although Ca2+ binds to the two CaM lobes with distinct kinetics, Ca2+ binding to either lobe is sufficient to 

displace actinin from CO [274], and produce maximal CDI (Figure 4.8B, C). Thus, it would seem that with 

wild-type CaM channels would already be fully inactivated by their local Ca2+ influx and have no capacity 

for additional inactivation due to proximal channels. 

To reconcile these apparently disparate observations, we imagined how CDI for a population of channels 

founded on linear approximations of Ca2+ dynamics in the super-positioning of Ca2+ microdomains [ 460] 

(Figure 4.8D) and previous work assessing the sensitivity of NMDA receptors to intracellular Ca2+ [ 449]. 

The model assumes that in a population of channels, only a fraction of channels will be preassociated with 

apoCaM (FB < 1). This is likely given the low affinity of apoCaM to the channel [274] and that CaM is a 

mobile and limiting signaling molecule [403 ,458]. The model predicts that during activity, local Ca2+ influx 

will predominate the activation of resident CaM molecules for this fraction of channels, FB- In contrast, the 

Ca2+ signals from neighboring channels will activate mobile CaM, which will associate with the unprimed 

pool of channels (1 - FB) to facilitate further inactivation (Figure 4.8G). Finally, the model predicts that 

restriction of Ca2+ diffusion with BAPT A will reduce this coupling. Thus, we directly tested this prediction 

of the model. 

To estimate FB in our system, we consider that under conditions of strong overexpression of CaMwT, the 

fraction of channels preassociated with a CaM molecule is saturated, F B ;::; 1. Further, in the presence of a 

strong buffer, BAPTA, which restricts Ca2+ diffusion to local nanodomains (Figure 4.9A), any effect 

observed in the presence of Ca2+ is assumed to be due to locally associated CaM. Under these conditions, 

we observed a robust degree of CDI (CDkQ = 0.410 ± 0.023) due to locally bound CaM [ 449]. In contrast, 

cells containing only endogenous CaM (CaMendo) exhibited minimal CDI in the presence ofBAPTA (CDhQ 

= 0.330 ± 0.010). Therefore, we can estimate FB in other conditions by taking the ratio of the observed 

150 



CDhQ with BAPTA to that observed when FB = 1 [367]. Using this method (CDhQ,CaMendo/CDhQ,CaMwT), 

we found that in cells expressing only endogenous CaM, the estimated FB = 0.15 (Figure 4.9B), consistent 

with HEK293 cells containing a very low basal expression level of CaM and CaM-associated proteins 

(Figure 4.8B) [ 449] and the weak affinity of apoCaM to NMDA receptors [ 407]. To further examine the 

sensitivity of this metric, we dialyzed cells with 40 nM purified CaMwT protein. Based upon previous in 

vitro measurements of apoCaM affinity (Ko= 2.2 µM) [407,449], this would predict an increase in binding 

by - 20%. Consistent with this, we measured an FB = 0.4 under these conditions (Figure 4.9B). 

Using these conditions, increasing concentrations of BAPTA was dialyzed into the cell to reduce spatial 

diffusion of Ca2+. We compared the CDhQ-BAPTA dose response curve of GluNl-2a/GluN2A receptors 

in cells co-expressing and not expressing PSD-95 (Figure 4.9C). We fit this data with our model of CDI, 

Eq. 4.20. For cells not expressing PSD-95, our model predicted an average coupling distance of 26.7 nm 

(±2.1 nm from bootstrap (not shown)). In contrast, overexpression ofPSD-95 resulted in a predicted average 

coupling distance of 15.7 nm (±0.6 from bootstrap (not shown)). Therefore, PSD-95 can boost channel CDI 

by shortening the coupling distance between channels. We refrain from interpreting this value as an 

"interchannel" distance because the CaM molecule responding to remote Ca2+ may not be in close proximity 

to the channel it subsequently inactivates. For any array of channels on the surface of the cell, their coupling 

distances will be widely distributed. Therefore, we modeled this parameter in our model as either a skew

Gaussian (model 2) or a weighted-exponential (model 3) distribution. Both models fit the data well and 

predicted similar shifts in the coupling distance between channels (Figure 4.9C). 
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Figure 4.8: Probing mechanism of channel coupling by CDI. (A) Simulation of Ca2+/CaM C-lobe binding 
dynamics during a train of local Ca2+ spikes at rcaM (Caspike = 90 µM) demonstrate that C-lobe occupancy 
remains saturated during normal channel gating. (B) Western blot confirms substantially overexpression of 
recombinant YFP-CaM constructs relative to endogenous CaM (CaMendo) and expressed channels (GluNl). 
(C) Left, whole-cell macroscopic currents from GluNl-2a/GluN2A receptors co-expressed with (top) YFP
CaM34 or (bottom) YFP-CaM12. Right, each condition did not alter channel CDI or sensitivity to BAPTA. 
*p < 0.05 with Mann-Whitney U-test. (D) Simulation of free buffer concentration at r = 10 nm from channel 
pore during channel opening. Unitary Ca2+ current (ica) was progressively increased. (E) Spatiotemporal 
simulation of Ca2+ diffusion in presence of 10 mM BAPTA during channel gating; o, open; c, closed. (F) 
Schematic of2D membrane element with channels (cylinders) randomly distributed. For any given channel 
(red), an effective radius surrounding the channel sets the spatial limit a neighboring channel must reside 
for Ca2+ influx to inactivate the primary channel (red dashed circle). (G) Top, evaluation of coupling model 
at fixed fractional channels preassociated with CaM (Fs = 0.4) predicts broad CDI ranges across varying 
coupling distances, r, and buffer conditions, Br. Bottom, evaluation of coupling model at fixed coupling 
distance (r = 50 nm) at varying levels of channels preassociated with apoCaM. (H) Monte Carlo simulation 
of lateral diffusion of channels within patch pipette. Trajectories of two channels explored by lateral 
diffusion during a cell-attached patch-clamp experiment. (I) Distribution of inter-channel distances during 
patch-clamp recording. (J) Distribution of predicted CDI values as interchannel distance varies due to 
diffusion. The probability of CDI (P(CDI)) during single-channel recordings follows an exponential 
distribution as a result of lateral diffusion. Reduction of the diffusion coefficient shifts the distribution 
toward stronger CDI magnitudes. 
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Figure 4.9: PSD-95 decreases effective coupling distance between NMDA receptors. (A) Schematic of 
Ca2+ concentration gradients within the cell during the whole-cell experiment under low buffering (EGT A) 
and high buffering (BAPTA) conditions. Restricting Ca2+ spikes to local nanodomains reveals the fraction 
of channels preassociated with CaM. (B) Left, representative macroscopic current of GluNl-2a/GluN2A 
coexpressed with CaMwT with 10 mM BAPTA. Under these conditions, the fraction of channels bound by 
CaM is assumed to be unity (FB = 1). Middle, macroscopic current of GluNl-2a/GluN2A recorded in the 
presence of BAPTA with only endogenous CaM present (CaMendo). Right, GluNl-2a/GluN2A currents 
recorded in the presence of CaMendo supplemented with 40 nM purified CaMWT. Given previous estimates 
of apoCaM affinity to CO, this concentration predictions an additional 20% occupancy to CaMendo- (C) Left, 
CDfoQ measurements in cells either lacking (gray) or coexpressing (red) PSD-95 in increasing 
concentrations ofintracellular BAPT A. Data was fit with three variants of coupling model: 1) r is a constant 
(model 1), 2) r as a skewed Gaussian distribution (model 2), and 3) r as a weighted exponential distribution 
(model 3). Right, hypothetical distributions predicted by model 2 (top) and model 3 (bottom) using the 
parameter values determined by the fit. PSD-95 expression causes a leftward shift in the distribution of 
effective coupling distances as seen by shift in distribution means (vertical dotted lines). 
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4.5 Discussion 

In this study, we built upon our previous knowledge of CDI to quantitatively reveal mechanistic insights 

into a novel form ofNMDA receptor modulation by Ca2+ whereby channels can spatially coordinate their 

activity through CDI. We provide electrophysiological evidence that individual channels can be inhibited 

by the Ca2+ influx of their neighbors. We show that this mode of regulation has profound influence on 

ensemble NMDA receptor activity. Furthermore, we observed that the PSD-95 scaffold protein can tune 

this level of inhibition by clustering channels in closer proximity. This additional level of regulation likely 

servers several physiological roles and gamers us new insights into neurological disease. 

4.5.1 CDI as a spatiotemporal mechanism of control 

In the presence of physiological serum concentrations of Ca2 
+, the ensemble activity of both native and 

recombinant channels declines over time in the continued presence of agonist [253,368]. We have measured 

this timecourse to be 500 ms [ 449]. While this duration is longer than the average synaptic event, the 

exponential nature of CDI onset over this time interval provides dynamic temporal control of activity rather 

than completely saturating inactivation with each synaptic event. Because electrophysiological recordings 

provide only temporal information of the total channel output in the cell, any spatial dependence is lost. 

Optical Ca2+-imaging revealed spatially heterogeneous distributions of iGluRs along dendrites [ 4 70]. Our 

data indicate a diffusion-mediated, activity-dependent coupling of channel activity at the level of individual 

channels. Furthermore, synaptic scaffold protein, PSD-95, which clusters postsynaptic iGluRs to be 

juxtaposed to presynaptic release sites, effectively reduces the coupling distance thereby tightening the 

cooperativity (Figure 4.9). Thus, the output of any given channel in the postsynaptic spine can be tuned 

not only by time-dependent autoinhibition by a resident calmodulin but spatially synchronized by the 

collective activity of neighboring channels. 

154 



CaM binding to PSD-95 can detach the scaffold protein from the postsynaptic density [ 4 71]. As the 

physiological role of this phenomena remains to be tested, one possibility is the formation of an activity

dependent feedback loop to tune the activity of NMDA receptors by disengaging channels from PSD-95 

thereby making channels less sensitive to the Ca2+ influx of their neighbors. 

4.5.2 Nanodomain versus Microdomain coupling 

A continued obstacle in mechanistically understanding NMDA receptor CDI has been the variability in 

intracellular buffering conditions used between studies. For example, BAPTA concentrations as low as 1 

mM have been reported to abolish CDI whereas others report much higher concentrations. A portion of this 

variability is likely due to differences in the cell type properties such as endogenous buffering. We also 

observed variability in our coupling measurements, K, in our system (Figure 4.4). This suggests that the 

degree of coupling between a given set of channels is not static. The typical on-cell pipette is roughly 0.5 -

1 µm in diameter providing ample room for lateral diffusion of channels within the membrane during 

recording and altering the interchannel distance [ 455]. At far distances between the Ca2+ source and sensor, 

loose coupling by Ca2+ microdomains (> 100 nm) would predominate (Figure 4.8G). These interactions 

would be both EGTA- and BAPTA-sensitive as EGTA is sufficient to quickly chelate low-amplitude Ca2+ 

elevations. In contrast, closer distances resulting in nanodomain coupling require BAPTA for modulation 

[ 472]. We observed that BAPTA-AM treatment abolished coupling of individual channels. While the final 

intracellular concentration is not known, analogy to fluorescent AM esters suggests a final concentration of 

> 100 µM [ 463]. This is still substantially less than the pipette concentrations of BAPTA used in whole-cell 

experiments. Thus, differences in channel density, and therefore expression levels in recombinant systems, 

will affect the observed degree of inactivation. Cell-type differences in channel clustering mechanisms may 

likely contribute to this functional variability. Our observation that GluN2Ati.Fl
344 truncation resulted in 

small surface GluNl-positive punctae as compared with wild-type channels suggests HEK293 cells contain 

endogenous scaffolds, such as SAP102, which mediate some degree of clustering of recombinant channels 
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[ 4 73]. How different cell-types regulate such endogenous scaffold proteins and how this subsequently alters 

CDI remains to be determined. 

4.5.3 NMDA receptor coupling is a physiological phenomenon 

Signaling within Ca2+ microdomains is critical for chemical coordination in several physiological processes. 

One concern is whether the ohm-shaped cell-attached gigaseal creates a nonphysiological environment in 

which restricted diffusion within the patch artificially forces channels to cooperate. Such diffusion effects 

are worth considering as they have previously confounded interpretations of P2X receptor gating 

mechanisms [ 4 7 4]. To address this problem, we considered the ideal channel modeled in an infinite planar 

lipid bilayer. The theoretical maximum conductance can be predicted by the total channel resistance as 

1/R channel [4 7 5]: 

( a,rJ pR =R +R = l+- - 4.31channel pore access tra 22 

where R pare is the resistance through the pore and R access is the access resistance on both sides of the pore, l 

is the length of the pore, a is the pore radius, and p is solution resistivity. Diffusion restriction due to seal 

formation would effectively increase the access resistance. This would have two consequences: 1) limited 

diffusion from the patch into cell as well as 2) limited diffusion from the cell into the patch. The first 

consequence would be observed as a reduced channel conductance as ion build-up on the intracellular side 

of the patch. However, K+ flux through L-type Ca2+ channels can establish unitary conductance of 250 pS 

[476] which approaches the limiting conductance of 286 pS predicted through Eq. 4.31 arguing against 

diffusion restriction effects. The second consequence would predict that the timecourse needed for 

molecules to diffuse from the cell into the patch is prolonged. However, previous experiments in which 

activation of remote Ca2+-permeable channels led to a fast, reversible reduction ofNMDA receptor activity 

in an on-cell patch [253,477]. Thus, diffusion of ions between the patch and the cell is likely unrestricted. 
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Further, HEK293 cells express endogenous Ca2+ extrusion mechanisms which have been shown to impact 

NMDA receptor CDI by preventing intracellular Ca2+ accumulation [ 4 78]. 

4.5.4 Insights into disease pathology 

PSD-95 plays a crucial role in channel localization as well as synaptogenesis and plasticity [ 4 79]. 

Perturbations in PSD-95 interactions with its partners have been associated with Huntington's disease, 

Alzheimer' s disease and schizophrenia [ 480]. We observe the PSD-95-mediated clustering of channels is 

an important factor in determining channel activity. In Huntington' s disease, brain lesions in patient brains 

resemble those resulting from kainic and quinolinic acid injection in animals studies [481 ,482]. Similarly, 

Huntington's disease mouse models display hyperactive NMDA receptors [ 483]. Polyglutamine expansion 

of the Huntingtin protein interferes with PSD-95 interaction with both NMDA and Kainate receptors 

resulting in hypersensitive channels and excitotoxic Ca2+ influx [484,485]. Our results are consistent with 

a model whereby channel clustering strengthens activity-dependent regulation. 

It has been suggested that PSD-95 can promote NMDA receptor activity [ 486]. Consistent with this view, 

sequestration of PSD-95 to prevent interaction with NMDA receptors was protective in an ischemic injury 

model [ 487]. Thus, PSD-95 likely has multimodal effects on channel activity. For example, it has been 

suggested that the route of Ca2+ entry rather than the bulk load is important for initiating excitotoxicity 

[ 488]. Similarly, synaptic and extrasynaptic NMDA receptors couple to distinct survival and apoptotic 

signaling pathways, respectively [ 489]. How PSD-95 regulates these distinct channel populations and its 

physiological consequences remains to be examined. PSD-95 is transcriptionally repressed during early 

development [ 490]. Thus, the effects of PSD-95 on NMDA receptors may be developmentally dependent. 

This may explain how perturbing PSD-95/NMDA receptor interactions in young neurons had no effect on 

synaptic plasticity [ 491]. 

157 



In vertebrates, CaM is encoded by three genes. Several disease-associated CaM mutations reduce Ca2+ 

binding [ 492]. Despite the importance of CaM in modulating NMDA receptor activity, neurological deficits 

have been inconsistently reported in these diseases [334]. This surprising absence neurological symptoms 

in this class of disease may reflect the importance oflow apoCaM affinity and thus low basal preassociation 

of CaM to channels in resting physiological conditions. In this way, Ca2+ influx activates only functional 

copies of CaM which can inactivate NMDA receptors. This is in contrast to voltage-gated Ca2+ channels 

whose strong apoCaM affinity can lead to mutant CaM occluding access to the channel from wild-type 

CaM thereby perturbing Ca2+ regulation [337]. 

Pharmacological inhibition ofNMDA receptors for the treatment ofneurological disorders has shown little 

success. However, memantine has proven to be effective in the treatment of Alzheimer's and other 

disorders. Memantine has been shown to specifically stabilize the Ca2+-dependent inactivated state of the 

channel [493]. Not only does this suggest the importance ofNMDA receptor CDI in disease pathogenesis, 

but highlights the importance of drug design targeted to specific receptor states in the successful treatment 

of disease. Combining such receptor-state-targeted therapeutics with novel methods to restrict treatment to 

specific cell types and brain regions [ 494] will represent a major advance toward next generation 

pharmaceutical design and clinical implementation. 
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Chapter Five: Conserved kinetic mechanism of NMDA receptor Cai+_ 

dependent inactivation across GluN2A and GluN2B subtypes 

5.1 Abstract 

NMDA receptors are Ca2+ -permeable channels gated by glutamate and are essential for excitatory synaptic 

transmission during physiologic and pathologic brain processes. Ca2+ -dependent inactivation (CDI) by 

calmodulin is a regulatory mechanism that reduces NMDA receptor gating in an activity-dependent manner. 

Although the obligatory GluNl subunit directly mediates CaM binding and is required for CDI, the present 

literature suggests that GluN2B receptors are insensitive to CDI. We used electrophysiological recordings 

of recombinant NMDA receptors, to examine the mechanism of CDI subtype-dependency. Whole-cell 

currents recorded in the presence of 2 mM external Ca2+ showed that CDI is robust for GluN2A channels 

(CDhA = 0.51 ± 0.05) but appears absent for GluN2B (CDI2B = 0.04 ± 0.07), as previously reported. 

However, when we dialyzed Ca2+ intracellularly, we detected robust CDI for both GluN2A and GluN2B 

channels (CDhA = 0.80 ± 0.06; CDhB = 0.52 ± 0.06), indicating that GluN2B channels are susceptible to 

CDI. To investigate this apparent discrepancy, we used patch clamp fluorometry to record single-channel 

activity from individual NMDA receptors (as Na+ influx) and simultaneously monitor intracellular 

Ca2+elevations upon ionomycin treatment. We found upon Ca2+entry, the gating kinetics of both GluN2A 

and GluN2B channels decreased by a common kinetic mechanism, reflecting the accumulation of channels 

in long-lived closed ( desensitized) states. Moreover, the derived kinetic models suggested that the apparent 

subtype-dependent susceptibility to CDI of NMDA receptors by external Ca2+ reflects differences in 

equilibrium open probability (Po) which correlate with the amount of receptor-fluxed Ca2+. To test this 

hypothesis, we measured CDI by external Ca2+ using whole cell recordings from GluN2B channels carrying 

a Lurcher (Le) mutation, GluNlA652
Y, which dramatically increases channel Po (Po,wt = 0.19 ± 0.07; Po,Lc= 

0.81 ± 0.08). We found that 2 mM external Ca2+ produced robust CDI for these high-Po GluN2B channels 

(CD k c= 0.54 ± 0.06). Together, these results show that Ca2+ flux produces activity-dependent CDI for both 
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GluN2A and GluN2B receptors and that the extent of CDI varies with channel Po- These results are 

consistent with CDI as a neuroprotective mechanism against excessive Ca2+ load during high-Po activation. 

5.2 Introduction 

Within the vertebrate central nervous system, excitatory transmission is mediated predominantly through 

the ionotropic glutamate receptor family. Among the members of this family, NMDA receptors are the 

primary source of Ca2+ influx into the postsynaptic cell during synaptic transmission [ 15]. This Ca2+ 

elevation is a critical signal initiating synaptic plasticity for proper neural circuit development associated 

with learning and cognition. In addition, aberrant NMDA receptor function can induce pathological states 

in neural circuits typical ofneuropsychiatric disorders such as autism [ 495] and depression [ 496]. 

During central nervous system development, spatiotemporal expression patterns of NMDA receptor 

subtypes undergo substantial changes. In juvenile animals, GluN2B expression predominates in cortical 

and hippocampal regions. As the animal ages, GluN2B expression dampens slightly and become regionally 

restricted as GluN2A becomes the predominant subunit. Furthermore, during synaptic spine maturation, 

GluN2B is replaced by GluN2A [94,497]. This change in NMDA receptor subtype has profound 

physiological consequences on the neuron. The excitatory postsynaptic potential duration strongly 

correlates with this developmental switch in NMDA receptor subtype and synapses [ 498-502]. During a 

synaptic event, EPSCs at young synapses have longer decay times compared to adult animals. This has 

been attributed to the different gating kinetics of each NMDA receptor subtype based on measurements of 

recombinant populations of GluN2A and GluN2B receptors [138]. 

Ca2+ is a potent, multi-faceted modulator ofNMDA receptors which inhibit channel gating and curtails the 

duration of the synaptic EPSC [255,256,258]. Intracellular Ca2+ achieves this by activation calmodulin 

(CaM) which directly interacts with the GluNl and inactivates the channel in a process known as Ca2+

dependent inactivation (CDI). Importantly, Ca2+ appears to differentially modulate distinct NMDA receptor 
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subtypes through this mechanism [219]. In physiological Ca2
+, GluN2B channels appear insensitive to CDI 

while GluN2A channels are robustly inactivated. Structurally, however, CDI is mediated by CaM binding 

to the universal CO cassette on the obligatory GluNl subunit common to all receptor isoforms [236,254]. 

We recently found that in recombinant systems, CDI is difficult to observe due to the low endogenous levels 

of CaM relative to NMDA receptor overexpression [ 449]. Thus, it is yet unclear whether the subunit 

differences can be attributed to unique structural elements that mediate CDI or differences in CaM binding. 

Therefore, we tested whether GluN2B channels are sensitive to CDI and under conditions we previously 

determined reveal maximal CDI [ 449]. 

We found that, contrary to previous conclusions, GluN2B channels are highly sensitive to Ca2+ when Ca2+ 

is elevated independently of channel permeation. As GluN2B has an intrinsically low open probability (Po), 

we further established that increasing the basal channel activity with a disease-associated mutation in the 

SYTANLAAF region was sufficient to reveal robust CDI by Ca2+ influx. Finally, we quantitatively 

evaluated these subtype-differences in CDI by determining the first full kinetic model of CDI using single

channel recordings. Despite similar sensitives to Ca2
+, divergent kinetic mechanisms can explain the 

experimentally observed differences in macroscopic CDI. These results provide new insights into channel 

modulation. 

5.3 Methods 

5.3.1 Cell Culture and Transfection 

HEK-293 cells (CRL-1573 , American Type Culture Collection), a gift from A. Auerbach (University at 

Buffalo, Buffalo, NY), were grown in DMEM (Invitrogen, Grand Island, NY) with 10% FBS and 1 % 

penicillin-streptomycin and were sustained in 5% CO2 atmosphere at 3 7°C. At - 50% confluency, cells were 

transfected with rat GluNl-2a (U08262.l) and GluN2A (M91561 . l) and YFP-CaMWT or YFP-CaMm4 in 

a 1: 1: 1 ratio. All CaM constructs were gifts from Drs. Inoue (Johns Hopkins) and Ben Johny (Columbia). 
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5.3.2 Electrophysiology 

Unitary recordings were made using cell-attached patch clamp. Borosilicate pipettes (15-25 MQ) contained 

(extracellular) 150 mM NaCl, 2.5 mM KCl, 10 mM HEPBS, 0.1 mM EDTA, 0.1 mM Glycine, 1 mM 

Glutamate, pH 8 with NaOH. Currents were amplified, low-pass filtered (10 kHz; Axopatch 200B) and 

sampled at 40 kHz (Molecular Devices; DigiData 1440A). All data were acquired and processed with QuB 

software (Buffalo, NY). Currents were idealized using the SKM algorithm using a 12 kHz digital filter and 

a 0.025 ms dead-time [397]. 

Ensemble currents were recording using whole-cell patch clamp. Borosilicate pipettes ( 4-5 MQ) filled with 

135 mM CsCl, 35 mM CsOH, 4 mM MgATP, 0.3 mM Na2GTP, and either BAPTA or EGTA as indicated 

at the specified concentration, buffered to pH 7.4 (CsOH). Extracellular solutions contained 150 mM NaCl, 

2.5 mM KCl, 10 mM HEPBS, 0.1 mM EDTA, and 0.1 mM glycine; CaCb was added to produce the 

indicated free Ca2+ concentrations according to the software MAXC; they were applied using a focal 

perfusion pencil (Automate Scientific) attached to an 8-valve pressurized solution exchange system (BPS-

8, ALA Scientific). After amplification and filtering at 2 kHz (Axopatch 200B; 4-pole Bessel, Molecular 

Devices), currents were sampled at 5 kHz (Digidata 1440A, Molecular Devices) and acquired and analyzed 

with pCLAMP 10.5. Series resistance was monitored to ascertain seal quality. In all experiments, cells 

were bathed in IX PBS with Ca2+ and Mg2+. Equilibrium CDI magnitude (CDiEQ) was measured from 

whole-cell currents as [ 449]: 

5.1 

5.3.3 Single-channel data processing, kinetic analyses, and modeling 

Data were conservatively and minimally processed before subsequent analysis and modeling to correct for 

recording artifacts, including low frequency, high amplitude noise spikes and baseline drift. Current spikes 

were eliminated by replacing the sampled amplitudes within the spike with amplitude levels averaged from 
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the immediately adjacent (open or closed) samples. Baseline drift was corrected by forcing the amplitude 

level for closed events to baseline at nodal points as needed. 

Idealization was done with the segmental k-means (SKM) algorithm on digitally filtered data (12 kHz) with 

no imposed dead time [397]. This procedure assigns each sampled data point to either the open (0) or closed 

(C) class producing a vector of open and closed intervals durations (i.e. , periods containing consecutive 0 

or C class samples) while preserving the temporal sequence in which these gating occurred. Kinetic models 

were derived in QuB software (Buffalo, NY) by fitting user-defined state models to the sequence of SKM

idealized intervals. Fitting was done by a maximum interval likelihood (MIL) method using an imposed 

dead time of 0.15 ms [398] and models were ranked according to their calculated maximum value of the 

log likelihood (LL) function. 

5.3.4 Ca2+-imaging 

To measure intracellular Ca2+ changes in cells expressing YFP-CaM constructs, we first prepared a stock 

solution of 200 mM XRhod-1-AM fluorescent indicator in DMSO. Next, a volume of stock XRhodl-AM 

that will give a final concentration of 5 µM when added to the culture medium was mixed in equal volume 

of 20% v/v Plurionic Fl27 in DMSO to facilitate AM ester entering into solution [503]. The mixture was 

added to culture medium and incubated at 37°C for 20 min. After incubation, cells were washed in IX 

Hank's Balanced Salt Solution (HBSS) twice and allowed to rest at room temperature for 15 min prior to 

patch clamp fluorometry. During single-channel recording, cells were bathed in IX HBSS supplemented 

with 5 mM CaCb. Elevations of intracellular Ca2+ was elicited by adding ionomycin to a final concentration 

of 10 µM to the culture. Changes in fluorescence were detected with a photomultiplier tube module 

(Hamamatsu Photonics) driven by a low voltage power supply (Hamamatsu Photonics) held at 0.5 V. 

Fluorescence signals were sampled (40 kHz, Digidata 1440A), low-pass filtered (10 kHz), and stored as 
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digital files (pClampl0 software, Molecular Devices). Only cells positive for XRhodl and YFP-CaM were 

used for recording. 

5.3.5 Statistical Analysis 

We report CDhQ results as rounded means+/- standard error. All statistical analysis was performed using 

custom scripts in MATLAB and R. The nonparametric Mann-Whitney Rank Sum test was used to 

determine significance because CDhQ tended to follow non-normal distributions as determined using the 

Anderson-Darling and Lillifore's tests in R. 

5.4 Results 

5.4.1 GluN2B-containing channels undergo CDI 

Previous studies showed that CDI was dependent on subunit identity [219]. These studies assessed CDI 

using whole-cell recordings by applying physiological Ca2+ extracellularly. Under these conditions, only 

GluN2A and GluN2D receptors underwent robust CDI while GluN2B and GluN2C did not exhibit CDI. 

We previously shown that under physiological conditions, CDI is not saturated due to the sporadic influx 

of Ca2+ through a gating channel [ 449]. By intracellular dialysis of Ca2+ into the cell creating a tonic Ca2+ 

signal, currents undergo more robust inactivation to a maximal level. Thus, it is unclear whether the lack 

of CDI in GluN2B and GluN2C receptors is due to the structural inability of these channels to adopt 

inactivated configurations or whether CDI is not sufficiently engaged. 
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Figure 5.1: Subunit-dependence of CDI. (A) Left, schematic of experimental set up for Ca2+ delivery into 
cell. External Ca2+ is fluxed through the open channel to generate a high-amplitude spike in Ca2+ near the 
channel. Right, representative whole-cell currents of GluNl-2a coexpressed with YFP-CaMwT and either 
GluN2A, B, C, or D in HEK293 cells. In the presence of external 2 mM Ba2+, no CDI is observed. In 
external 2 mM Ca2+ only GluN2A- and GluN2D-containing receptors exhibited CDI. (B) Left, schematic 
of experimental set up. External Ca2+ is removed and only Na+ is present to flux through the channel. Ca2+ 
(50 µM) is delivered directly into the cell via the pipette creating a uniform, sustained Ca2+ elevation. Right, 
representative whole-cell currents elicited from HEK293 cells expressing the indicated constructs. In 50 
µM intracellular Ca2+, GluN2A and GluN2B exhibited robust CDI. GluN2D was not tested in this condition. 
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If CDI is not being engaged under these conditions, it may be due to 1) insufficient CaM binding or 2) 

reduced Ca2+ influx to activate CaM. To test the first hypothesis, we overexpressed wild-type CaM (CaMwT) 

in HEK293 cells expressing either GluN2A, GluN2B, GluN2C or GluN2D along with GluNl-2a. We have 

previously shown that HEK293 cells express low levels of endogenous CaM. Overexpression of CaMwT 

boosts the observed level of CDI for GluNl-2a/GluN2A in HEK293 cells which suggests that in this 

expression system, endogenous CaM is not sufficient to fully engage all overexpressed channels. We 

measured CDI from whole-cell currents elicited by prolonged ( 6 sec) applications of l mM glutamate when 

2 mM Ca2+ was co-applied externally (Figure 5.lA). We found that external Ca2+ elicited CDI in GluN2A 

and GluN2D receptor currents showed substantial reduction (CDhA= 0.51 ± 0.05, n = 7; CDho = 0.56 ± 

0.07, n = 4); whereas Glu2NB and GluN2C did not exhibit significant inactivation (CDhB = 0.04 ± 0.07, n 

= 5; CDhc = 0.02 ± 0.05, n = 4). Thus, the lack of CDI in GluN2B and GluN2C receptors is likely not due 

exclusively to a lack of CaM binding. 

We tested the second hypothesis by dialyzing high concentration of Ca2+ (50 µM) directly into the cell thus 

bypassing the channel permeation pathway and gate. The low open probability of GluN2B channels would 

reduced the total Ca2+ flux into the cell over time compared to GluN2A channels. Most notably, when Ca2+ 

was applied intracellular GluN2B channels exhibited strong CDI compared to when Ca2+ was applied 

extracellularly (Figure 5.1B, CDI2B = 0.52 ± 0.06, n = 6,p = 0.003). Thus, GluN2B channels are structurally 

capable ofCDI. In contrast, GluN2C channels did not exhibit CDI relative to externally applied Ca2+ (CD h e 

= 0.03 ± 0.04, n = 4, p = 0.317). 

5.4.2 Conserved kinetic perturbations underlie CDI among GluN2A and GluN2B receptors 

To mechanistically explain why external Ca2+ did not elicit CDI, we sought to determine the kinetic 

mechanism of CDI using single-channel current recordings. The technical challenge lies in decoupling the 

external allosteric effects of Ca2+ from that of internal CaM. To circumvent this, we recording single

channel Na+ currents in Ca2+ free solution while simultaneously elevating intracellular Ca2+ using the 
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ionophore, ionomycin. Single-channel currents were recorded for l O - 15 mm pnor to addition of 

ionomycin to provide a paired Ca2+-free control for each recording (Figure 5.2A). Upon treatment of 

ionomycin, increased fluorescence intensity with XRhodl (kn = 0. 7 µM) confirmed substantial rises in 

intracellular Ca2+ that were sustained for the duration of the recording. 

We performed this analysis on cell attached patch clamp recordings on HEK293 cells expressing either 

GluNl-2a/GluN2A receptors or GluNl-2a/GluN2B receptors. For both GluN2A and GluN2B receptors, 

elevations of intracellular Ca2+ resulted in reduced channel gating (Figure 5.2C, D). Maximum likelihood 

fits of exponential functions to closed event duration histograms revealed the specific kinetic perturbations 

underlying the observed inhibition. Rate constants along the activation pathway were selectively perturbed 

in both GluN2A and GluN2B receptors. Rate constants moving toward the open state (0,) were 

significantly reduced whereas rate constants moving away from the open state tended to be significantly 

increased. These perturbations resulted in lower occupancy of open states by increasing energy barriers to 

opening. During equilibrium, these perturbations shifted the occupancy to favor the desensitized states 

(Figure 5.2C, D). Thus, despite the differential kinetics of GluN2A and GluN2B receptors, elevations in 

intracellular Ca2+ result in similar kinetic perturbations between these receptors. 
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Figure 5.2: Kinetic mechanism of CDI revealed through single-channel recording. (A) Cell-attached patch
clamp fluorometry simultaneously monitors unitary currents through a single-channel and elevations in 
intracellular Ca2+ monitored by X-Rhodl-AM fluorescence intensity upon treatment with ionomycin. (B, 
left) Representative 30 sec of continuous single-channel GluNl-2a/GluN2A currents recorded prior to 
ionomycin application. Right, Closed event duration histogram is fit with exponential functions (red curves) 
to generate the probability distribution (black curve) Inset, kinetic model derived from exponential fits to 
histogram. (C, left) Representative 30 sec of continuous single-channel GluNl-2a/GluN2A currents 
recorded after ionomycin treatment and during sustained intracellular Ca2+ elevation. Right, Closed event 
duration histogram reveals substantial shifts in closed event durations. Inset, kinetic model derived from 
exponential fits to histogram. Rates in red indicate statistically different compared to GluN2A pre
ionomycin (p < 0.05, Student t-test; n = 4). (D, left) Representative 30 sec of continuous single-channel 
GluNl-2a/GluN2B currents recorded after ionomycin treatment and during sustained intracellular Ca2+ 

elevation. Right, Closed event duration histogram reveals substantial shifts in closed event durations. Inset, 
kinetic model derived from exponential fits to histogram. Rates in red indicate statistically different 
compared to GluN2B pre-ionomycin (p < 0.05, Student t-test; n = 4). 
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5.4.3 Reduced occupancy of open states accounts for apparent lack of CDI in GluN2B receptors 

Our results indicate that despite the differences in CDI between GluN2A and GluN2B, both channels 

exhibit similar perturbations as a result ofintracellular Ca2+(Figure 5.2). This would suggest that the kinetic 

mechanism of CDI may not be sufficient to explain the subunit differences. Thus, we sought to determine 

whether the intrinsic kinetic differences in normal activation gating in the absence of Ca2+is a determining 

factor by constructing a full model of CDI and probing the behavior of the model. We treated the model 

derived under elevated intracellular Ca2+ conditions as the kinetic endpoint (fully inactivated). We 

considered the configuration where only local Ca2+ drives CDI [449] (see Chapter 3 and 4). Thus, we 

constructed a tiered model whereby the kinetic scheme for CDI is accessed only by the open state of the 

normal mode kinetic scheme. 

To measure the rate constants transitioning between normal and inactive gating modes, we used whole-cell 

currents to measure time constants of CDI ('rem) as done previously (Figure 5.3A) [449]. We have 

previously measured the time constant of recovery from inactivation ('rREc) to be 9.2 sec [ 449]. We 

converted this to a rate by kREc = lhREc = 0.108 s-1
. We measured -rem in increasing concentrations of 

extracellular Ca2+ to increase the fractional Ca2+ current and, therefore, the free Ca2+ concentration seen by 

resident CaM. Using the -rem values, we performed a Lineweaver-Burk analysis to determine the Ca2+

dependence of the forward rate constant. We found the forward rate to be 0.027 µM- 1 s-1 (Figure 5.3B). 

We integrated these data into the tiered model (Figure 5.3C). We included glutamate binding steps for each 

tier determined previously for each subtype [178,182]. We simulated Na+-only currents by setting [Ca2+] to 

0 effectively restricting occupancy of states in the top tier only thereby recapitulating whole-cell currents 

in OCa2+. To recapitulate Ca2+ dialysis experiments, we set [Ca2+] to 50 µM and set the initial start state as 

the glutamate unbound state of the CDI tier. These simulations successfully recapitulated the degree of CDI 

observed in the dialysis experiments (Figure 5.3C). To simulate conditions ofphysiological external Ca2+, 

the initial starting state was set as the glutamate unbound state for the top tier and [Ca2+] = 90 µM, the 

predicted local Ca2+ concentration detected by resident CaM [ 449]. For the GluN2A model, 
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Figure 5.3: Quantifying Ca2+-dependence ofCDI rate to build complete model. (A) Pure CDI derived from 
whole-cell recordings of GluNl-2a/GluN2A coexpressed with YFP-CaMWT in HEK293 cells. CDI was 
recorded with increasing concentrations of extracellular Ca2+. Each CDI(t) curve was fitted with a single
component exponential function to determine -rem. (B, left) The lhcm was plotted against the local 
intracellular Ca2+ concentration generated by the external Ca2+ concentration. The data was fitted by linear 
regression to determine the forward rate constant for channels transitioning from normal gating mode to 
inactive gating mode. Right, two state model illustrating kinetic rates for entering and exiting CDI gating 
mode. (C, top) Kinetic models derived from single channel recordings before and after ionomycin 
application for (left) GluN2A and (right) GluN2B receptors. Bottom, simulations of above models in Ca2+-
free (black) or Ca2+ (red) conditions. 
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an intermediate CDI was observed consistent with experimental recordings. In contrast, for the GluN2B 

model, minimal CDI was observed. We concluded that intrinsic kinetic differences between GluN2A and 

GluN2B that result in differential occupancy of open states leads to differential Ca2+ flux over time which 

actively engages CDI mechanisms in GluN2A but minimally in GluN2B. 

We tested this hypothesis by generating a GluN2B construct with increased occupancy of the open state 

prior to CDI. We introduced a Lurcher mutation into GluNl that is known to increase channel open 

probability in GluN2A receptors [ 417]. Lurcher mutations fall into a highly conserved SYTANLAAF 

region along the M3 transmembrane helix. This region is critical for channel activation and mutations in 

this region have been associated with neurodegeneration [504] and epilepsy [505]. We previously shown 

that GluNl A652Y/GluN2A exhibit strong CDI (Figure 5.4A) [449]. We found that GluNlA652Y/GluN2A 

receptors exhibited significantly increased stationary Po compared with wild-type (Po,WT = 0.19 ± 0.07; Po, 

L e = 0.81 ± 0.08 , n = 5, p = 0.005). With this construct, in the presence ofphysiological Ca2 
+, these receptors 

revealed robust CDI (Figure 5.4B). We conclude that the increased Po associated with the Lurcher mutation 

resulted in more Ca2+ influx to engage resident CaM. 

5.4.4 Proposed model for CDI during synaptic development 

During synaptic development, NMDA receptor subunit expression profile undergoes dramatic shifts. As a 

synapse matures, receptors shift from being GluN2B dominant to GluN2A dominant. When expressed with 

CaMWT, GluNl A652Y/GluN2A receptors did not exhibit significantly more CDI than wild-type (Figure 

5.5). Combined with the differential gating kinetics of each subunit, GluN2A receptor CDI is near saturated 

with wild-type open probability while GluN2B is not. Thus, we propose that in addition to development, 

modulators will also impact the extent of CDI at a synapse. Many physiological modulators are present at 

the synapse that tune the NMDA receptor signal and in response to different physiological states [506]. 

These properties result in unique CDI profiles for these subtypes. Thus, we propose a model 
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Figure 5.4: Entry into CDI depends on open probability. (A, left) Representative single-channel currents 
of GluNl-2a/ or GluNl-2aA652Y/GluN2A receptors recorded from HEK293 cells. Right, whole-cell 
macroscopic measurements of CDI suggest that GluN2A channels with modest (GluN2A) or high (GluNl-
2aA657Y) open probability exhibit robust CDI. (B, left) representative single-channel currents of GluNl-2a/ 
or GluNl-2aA657Y/GluN2B receptors recorded from HEK293 cells in Ca2+-free solution. Right, 
macroscopic currents indicate that low (GluN2B) open probability channels do not exhibit CDI. 
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Figure 5.5: Proposed model of CD I during development. Left, hypothetical curves formulated based on our 
results for the amount of CDI predicted for juvenile (GluN2B) and adult (GluN2A) synapses as a function 
of open probability. Shaded regions indicate CDI values observed for wild-type GluN2A (green) and 
GluN2B (red) receptors. Right, hypothetical macroscopic currents predicted based on results presented in 
this study as channel open probability is modulated by allosteric modulators or disease mutations during 
the course of development. 
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for receptor activity during synaptic development and whereby immature synapses will be resistant to Po 

changes and maintain strong levels of activity. As synapses mature, their ability to undergo inactivation 

increases providing a more dynamic range of activity they can adopt. 

5.4.5 Conservation of structural elements for desensitization 

Our results indicate that GluN2C appears unique among the GluN2 subtypes in that it is resistant to CDI 

(Figure 5.1). We sought to gain insight whether CDI evolved independently across GluN2 subtypes or 

whether GluN2C lost CDI during its evolution. The binding ofCaM at CO is directly contiguous with GluNl 

M4 making M4 a likely transduction element for CDI. Indeed, removing the M4 helix impairs CDI [275]. 

We observed that for GluN2A and GluN2B receptors, a conserved kinetic perturbation results in increased 

occupancy of desensitized states (Figure 5.2). The M4 transmembrane helix is known to be critical for 

receptor desensitization [222]. Further, crystallographic studies have shown that GluNl M4 makes direct 

contact with the activation gate via GluN2 M3 helix [ 17, 18]. We first used primary amino acid sequences 

of several eukaryotic and prokaryotic species and developed homology models from known structures. All 

prokaryotic species we analyzed lacked an M4 segment (not shown). Additionally, these bacterial 

sequences lacked the hallmark motifs of Ca2+ permeability in NMDA receptors specifically N-site 

asparagine residues [226] and DRPEER motif in the vestibule [228]. Instead, prokaryotic glutamate 

receptors possessed the canonical GYG motif of K+ permeation (Figure 5.6A) [507]. This is consistent 

with prior functional studies of a GluR0, a prokaryotic iGluR subunit, that is K+ selective [33]. 

We next determined the degree of conservation of each transmembrane segment relative to the degree of 

conservation of the full channel sequence with respect to the human sequence across evolutionary time. To 

quantify relative conservation, we used the multiple sequence alignment of channel mRNA sequences to 

construct a maximum likelihood tree using pairwise divergence distance (P). We next extracted the 

sequence of each transmembrane segment only based on homology with the sequence of Rattus and 

Xenopus trans membrane segments for which structure is known [ 17, 18]. For each transmembrane segment, 
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we determined the pairwise distance between species (M). As pairwise distance is a relative measure 

between O and 1, we defined pairwise similarity for each transmembrane segment as 1 - Mand each channel 

as 1 - P. We found that across evolutionary time of species tested, as expected, the M3 segment showed 

the highest degree of similarity (Figure 5.6C) thus serving as a good internal control of our metric. M4 was 

the next domain most conserved and Ml was the least conserved. Next to account for whether these 

differences are due to an overall conservation of the entire channel gene, we calculated the relative degree 

of similarity for each transmembrane segment by: 

I-M s =-
M I-P 

Using Eq. 5.2, the order of conservation of each transmembrane segment was preserved (Figure 5.6C). 

Thus, the structural determinants of CDI, namely the M4 transmembrane segment emerged early in 

eukaryotic evolution correlating with the eukaryotic expansion of Ca2+ signaling [3]. Consistent with this, 

Arabidopsis glutamate-like receptors are highly Ca2+ permeable and exhibit Ca2+ -dependent reduction in 

current hypothesized to reflect CaM-driven CDI [508]. Functional data on an early eukaryotic ancestral 

iGluR revealed K+ permeation. Thus, the structural elements necessary for Ca2+-dependent regulation may 

have emerged prior to the high Ca2+ permeability characteristic ofNMDA receptors possibly due to toxicity 

of unregulated Ca2+ influx. Given the high degree of M4 conservation and the presence of CDI in 

Arabidopsis which diverged from humans prior to the GluN2 subtype expansion events we conclude that 

CDI of GluN2A, GluN2B, and GluN2D represent a conserved process that was lost in GluN2C. 

176 

5.2 



A M2 M3 

hGRINl 
r GRINl 
ciGluR 
sGluRO 
slKcsA 

1. 

- M1 
- M3 
- M4 

p0.0 1.0 

p0.0 1.0 

Figure 5.6: Structural elements necessary for CDI are evolutionarily conserved. (A) Multiple sequence 
alignment of prokaryotic KcsA channel (slKcsA) with prokaryotic iGluRs from synechosystis (sGluRO) 
and cyanobium (ciGluR) and eukaryotic GluNl gene from human (hGRINl) and rat (rGRINl). Residues 
are color coded by degree of conservation. Known motifs critical for Ca2+ permeability (red boxes) and K+ 
permeability (green box) are highlighted. (B) Maximum-likelihood tree of mRNA sequences of iGluR 
subunits across multiple eukaryotic and prokaryotic species calculated based on pairwise distances between 
sequences. (C) Pairwise distance of each individual transmembrane helix, M , across the pairwise distance 
of each channel sequences, P. 
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Table 5 .1: NMDA receptor genes used in phylogenetic analysis 
Receptor Name Species 
GluNl Homo sapiens 
GluNl Rattus norvegicus 
GluN2A Homo sapiens 
GluN2A Rattus norvegicus 
GluN2B Homo sapiens 
GluN2B Rattus norvegicus 
GluN2C Homo sapiens 
GluN2C Rattus norvegicus 
GluN2D Rattus norvegicus 
GluN2D Homo sapiens 
GluN3A Homo sapiens 
GluN3A Rattus norvegicus 
GluN3B Homo sapiens 
GluN3B Rattus norvegicus 
GluAl Homo sapiens 
GluAl Rattus norvegicus 
GluA2 Homo sapiens 
GluA2 Rattus norvegicus 
GluA3 Homo sapiens 
GluA3 Rattus norvegicus 
GluA4 Homo sapiens 
GluA4 Rattus norvegicus 
GluKl Homo sapiens 
GluKl Rattus norvegicus 
GluK2 Homo sapiens 
GluK2 Rattus norvegicus 
GluK3 Homo sapiens 
GluK3 Rattus norvegicus 
GluK4 Homo sapiens 
GluK4 Rattus norvegicus 
GluK5 Homo sapiens 
GluK5 Rattus norvegicus 
GluD 1 Homo sapiens 
GluD2 Homo sapiens 
GluD 1 Rattus norvegicus 
GluD2 Rattus norvegicus 
Nmdar 1 Drosophila melanogaster 
Nmdar2 Drosophila melanogaster 
GluRlIA Drosophila melanogaster 
GluRlIB Drosophila melanogaster 
GluRlIC Drosophila melanogaster 
GluRlID Drosophila melanogaster 
GluRlIE Drosophila melanogaster 
GluRlA Drosophila melanogaster 
GluRlB Drosophila melanogaster 
Clumsy Drosophila melanogaster 
CG 11155 Drosophila melanogaster 
Ekar Drosophila melanogaster 

GenBankID 
D13515 
U08261 
U09002 
M91561 
AAI13619 
AAA41714 
AAI40802 
M91563 
AAC37647 
U77783 
AAL40734 
L34938 
DAA04570 
AAL69893 
AAA58613 
Xl 7184 
AAA58631 
M36419 
AAF61847 
AAA41241 
AAA95962 
AAB21763 
AAA52568 
CAA77776 
Ul6126 
CAA77647 
AAB60407 
CAA77779 
AAB29311 
CAA42615 
AAB22591 
CAA77667 
BAG54447 
AAC39579 
U08255 
CAA78937 
CAA50675 
AAF45640 
AAF52268 
AAF52269 
AAF51433 
AAG22164 
ABI31184 
M97192 
BT150463 
ABI31327 
BT044556 
ABI29182 
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Grik 
KaiRlD 
Glutamate receptor 2 
Glutamate receptor 1 
GLR3 .7 
GLR3 .3 
GLR3 .6 
GLR3 . l 
GLR3 .2 
GLR3.4 
GLR3 .5 
GLRl.4 
GLRl . l 
GLRl .2 
GLRl.3 
GLR2.7 
GLR2.8 
GLR2.9 
GLR2.5 
GLR2.6 
GLR2. l 
GLR2.2 
GLR2.3 
GLR2.4 
Slrl257 
THAPSDRAFT 7846 
CPCC7001 862 
BU14 0218s0032 

Drosophila melanogaster 
Drosophila melanogaster 
Adineta vaga 
Adineta vaga 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Arabidopsis thaliana 
Synechocystis sp. (strain PCC 6803) 
Thalassiosira pseudonana 
Cyanobium sp. PCC 7001 
Porphyra umbilicalis 

ABBI 186 
AAF55818 
ACD54612 
ADW94593 
AF210701 
AAG51316 
BT004264 
AF079999 
AF159498 
AY072070 
AF170494 
AY072066 
AF079998 
AY072064 
AY091121 
AY495450 
AJ311495 
AAC33236 
ANM70627 
ANM68539 
AED93650 
AAL61997 
AAD26894 
AEE85948 
BAA17851 
EED90141 
EDY37983 
OSX75866 

179 



5.5 Discussion 

5.5.1 Potential impact on synaptic development 

We observed that at normal activity, GluN2B channels do not exhibit significant CDI in contrast to 

GluN2A. During synaptic development, robust Ca2+ elevations are needed to initiate appropriate 

downstream effectors for spine growth and maturation. Ca2+-imaging has shown that bothjuvenile animals 

as well as immature spines generate robust Ca2+ elevations that trigger further release of Ca2+ from 

intracellular stores necessary for spine growth. Older animals and mature spines exhibit Ca2+ elevations 

largely restricted to the spine head. Therefore, the reduced sensitivity of GluN2B to CDI may be crucial in 

preventing excessive channel inactivation and allowing sufficient Ca2+ entry during synaptic activity to 

facilitate spine growth and maturation. Subsequently as a spine matures during Hebbian learning, for 

example, more CDI is favored as the priority transitions from synaptic growth to synaptic maintenance, 

requiring different effectors. 

5.5.2 Insights into pathogenesis 

The iGluR family mediates the majority of excitatory glutamatergic neurotransmission in brain. As such, 

many mutations in iGluRs are associated with disease. However, the direct causal association of the 

functional consequences the mutation imparts on the channel with the disease phenotype is not clear. For 

example, while epilepsy is recognized as a hyperexcitability of cortical neurons, the mutation spectra in 

GluNl associated with epilepsy include both gain-of-function and loss-of-function phenotypes. These 

functional properties, however, are typically measured in Na+-only conditions at the single-channel level. 

We observe that in physiological Ca2+ a gain-of-function mutation in the highly conserved SYTANLAAF 

motif in which disease-associated mutations have occurred, results in robust channel inactivation. 

Therefore, physiologically these mutations may instead result in an overall decrease in channel activity 

relative to wild-type during the disease state. How this may result in a hyperexcitability phenotype is still 
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unclear. However, iGluRs are also found on parvalbumin inhibitory intemeurons which receive 

glutamatergic input from cortical pyramidal neurons. These intemeurons subsequently for GABAergic 

connections with the cortical neurons forming a negative feedback look. Thus, disease-associated mutations 

which result in an effective decrease in channel activity, such as through CDI, may contribute to cortical 

disinhibition associated with hyperexcitability. 

5.5.3 Emergent structural insights into CDI 

While kinetic models provide robust, quantitative descriptors of channel activity, the structural correlates 

of individual kinetic states is still unclear. However, recent cryo-EM work has revealed several agonist

bound, pre-open conformations consistent with the multiple closed-states which single-channel records 

have elucidated. The structural determinants of CDI have, thusfar, remained elusive insofar as the kinetic 

mechanism of CDI has been difficult to ascertain owning to the experimental challenge of isolating CDI 

from other Ca2+-dependent mechanisms of NMDA receptor regulations. While CDI has classically been 

studied using macroscopic recordings with prolonged agonist applications, it has largely been assumed that 

CDI represents a strengthening of channel desensitization. However, previous reports that CaM specifically 

reduces open durations as well as accelerate deactivation calls this assumption into question. Indeed, we 

find that CDI perturbs kinetic transitions within the activation pathway reducing occupancy of activation 

states and effectively boosts the occupancy of desensitized states. Consistent with this, mutations which 

perturb activation do not appear to impair the channel's ability to undergo CDI. In addition, recent 

tryptophan screening of the transmembrane helices revealed Ml/M4 have prominent roles in 

desensitization. Given that CO, the CaM effector site on GluNl , is directly contiguous with M4, it is likely 

that M4 serves as a critical element to transduce conformational changes in the c-terminal domain by CaM 

to the channel gate. Motions in these helices also play a critical role in the channel activation as shown by 

FRET consistent with CaM perturbing activation rates. 
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Additional implication of the transmembrane segments comes from chimeric constructs of GluN2A/C 

channels. GluN2C was shown to be insensitive to CDI in physiological Ca2+. Consistent with this, we also 

failed to observe CDI in GluN2C channels when Ca2+ was applied intracellularly (Figure 5.1B). As 

GluN2C channels are "non-desensitizing," it stands to reason that a Ca2+-dependent strengthening of 

desensitization would have minimal to no effect on these channels. Thus, subtle structural variations 

between NMDA receptor subtypes plays a significant role in CDI to regulate neuronal excitability in 

physiological and disease states. 
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Chapter Six: Stochastic fluctuations between gating modes contribute to 

synaptic response variability 

6.1 Abstract 

NMDA receptors are excitatory glutamatergic ion channels gated by both glycine and glutamate. Their slow 

gating kinetics makes them critical determinants of the timecourse of postsynaptic transmission. 

Heterogeneity in gating kinetics, known as modal gating, has been hypothesized to be an important 

functional mechanism in setting the timecourse of synaptic transmission. Despite this critical physiological 

function, a detailed understanding ofmodal gating has remained elusive in part due to insufficient methods 

for analysis. Here, we developed a novel computational method for modal gating by applying a common 

cumulative summation (CUSUM) algorithm to detect modal transitions in single-molecule recordings of 

NMDA receptors. 

6.2 Introduction 

Ion channels are membrane-integrated enzymes whose activity is the stochastic fluctuation of their pores 

between open and closed structural conformations. This activity is the basis of electrical excitability in all 

cell types across species. The physiological roles of different channel types depends crucially on the 

functional properties of the channel such as permeability and gating kinetics which dictate the ionic content 

and timecourse of activity, respectively. In the central nervous system, NMDA receptors mediate the 

majority of excitatory glutamatergic transmission. The collective activity of both AMPA and NMDA 

receptors upon presynaptic glutamate release generates the postsynaptic excitatory postsynaptic current 

(EPSC). The relatively slow decay time ofthe NMDA receptor component ofthe current dictates the overall 

EPSC decay time. This EPSC property is critical in setting neuronal excitability as well as the temporal 

resolution for repeated stimuli. 
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The timecourse of the NMDA receptor current can be directly attributed to the slower gating kinetics of the 

channel relative to their AMPA receptor counterparts rather than by differences in agonist unbinding [136]. 

Kinetic models of channel gating derived from single-channel recordings have robust mechanistic power 

in explaining both physiological and pathological functions as well as predictive power in revealing novel 

properties of the channel [192]. Despite the success of statistical models, models derived from GluN2A and 

GluN2B channels often fail to recapitulate one of the crucial physiological properties of macroscopic 

currents which is the subunit dependent decay timecourse. At central synapses, young brains exhibit 

predominantly GluN2B expression whereas adults show increased GluN2A expression. Consequently, the 

EPSC decay times measured at synapses reflect the corresponding decay kinetics of pure populations of 

recombinantly expressed GluN2A and GluN2B channels [138]. Specifically, EPSCs elicited from young 

synapses decay slower than adult synapses. However, simulations from statistical models do not match this 

phenomenon (Figure 6.lC). 

Kinetic heterogeneity in channel gating has been shown to be a crucial determinant of the kinetics of 

macroscopic currents [147,191]. Recordings from individual receptors have shown that channels 

stochastically interconvert among several distinct patterns of activity. The patterns, or "modes," can be 

distinguished by open probability (Po) or mean open duration (MOT). The process of interconverting 

between modes is known as "modal gating." Of the NMDA receptor subtypes, GluN2A- [147], GluN2B

[182], and GluN2D-containing receptors [190] exhibit two to three gating modes. It has been shown that 

the biphasic decay of NMDA receptor currents in the EPSC can be mechanistically explained by the 

presence of multiple gating modes [147]. 

Despite the physiological importance of modal gating in NMDA receptor physiology, the mechanisms and 

structural determinants remain elusive. This is due in large part to the technical difficulties in quantitatively 

analyzing transition probabilities between modes. Because modal transitions occur on much longer 

timescales, conventional methods are often insufficient for capturing transitions. For this reason, modal 
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gating is omitted from many kinetic models. Here we present a new approach for quantitatively measuring 

transition rates between modes in GluN2A and GluN2B-containing NMDA receptors. 

6.3 Methods 

6.3.1 Cell Culture and Transfection 

Human embryonic kidney cells (P24 - 30) were cultured in DMEM supplemented with 10% FBS and 

maintained at 37°C and 5% CO2. Cells were transfected with pcDNA3.l plasmids containing GFP (gift 

from Dan Kosman, University at Buffalo, SUNY), GluNl-la (GenBank: U08262), and either GluN2A 

(GenBank: M91561) or GluN2B (GenBank: M91562) using the calcium phosphate precipitation method. 

Cells were used for experiments 24 hrs posttransfection grown in medium supplemented with 2 mM Mg2+ 

to prevent NMDA receptor-mediated cell death. 

6.3.2 Electrophysiology 

Electrodes were pulled from borosilicate glass capillaries (BF 150-86-1 O; Sutter Instrument Co., Novato, 

CA) and fire-polished to a final resistance of 15-25 MQ. Pipettes were filled with (in mM): 150 NaCl, 2.5 

KCl, 10 HEPBS, 1 EDTA, 0.1 glycine, and 1 glutamate buffered to pH= 8 with NaOH. Stationary single

channel currents were recorded using cell-attached patch clamp. Currents were sampled at 40 kHz. 

Idealization of current records was performed using the Segmental k-means algorithm in QUB software. 

Idealized DWT files were exported to MATLAB for further analysis (see below). Analyzed files were 

imported to QUB for kinetic modelling using maximum interval likelihood estimation algorithm. 
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6.3.3 Detecting modal transitions using CUSUM 

To precisely characterize the temporal pattern of modal transitions, we employ a cumulative summation 

(CUSUM) changepoint detection algorithm. To begin, we divided the time-continuous idealized data record 

into epochs of k number of opening events: 

=X1 -rS1 

S2 =(X2 -r)+S1 

6.1 

k 

Si = I(x;-r)+Si-1 
i= l 

where r is the mean open duration of the epoch, X; is the ;thopening within the epoch, k is the number of 

openings within the epoch, and S; is the cumulative summation score for that opening within the epoch. 

To quantitatively identify the changepoint indices in the changepoint score, S, over time profile in an 

automated manner, we employ a signal peak-detection algorithm to identify local maxima and minima. Due 

to inherent noise in the data, using zero-crossings of the first-order derivative method would yield high 

numbers of false positives. Instead, by defining a local maximum in the time-series vector as the highest 

point flanked by two minima (likewise, a local minima is a point flanked by two maxima), we can identify 

peaks if they are flanked by regions of lower points beyond a given user-defined threshold. This allows for 

more customizable optimization of the detection parameters. 

6.3.4 Classifying segments into modes 

6.3.4.1 Unsupervised approach: segmental-k-means clustering 

For each segment identified in the file , we employ an unsupervised k-means clustering algorithm. Cluster 

centroids were initialized using the empirically determined average open durations of each mode using the 

exponential time constant value from a maximum likelihood fitting of exponential density functions to the 
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event duration histogram for each recording. The k-means algorithm uses batch updating by computing the 

point-to-cluster-centroid squared Euclidean distances of all observations to each centroid value and assigns 

the value to the cluster with the nearest centroid and the centroid value is updated. Clustering was performed 

using the built-in kmeans function in MATLAB 201 la. We found that k-means clustering consistently 

performed below that of the supervised approach and, therefore, was not pursued in the deriving of modal 

transition rate constants. 

6.3.4.2 Supervised approach: naive Bayesian classifier 

To train the Bayes model, we first simulated 1000 one-second segments of steady-state gating for Low, 

Medium, and High mode using previously determined kinetic models of modal gating for GluN2A 

[147,178] and GluN2B [182]. For each segment, the MOT and MCT was calculated. By stratifying along 

these variables, each mode formed a distinct high density cluster. This data served as the training set. Three 

multivariate normal distributions were fit to the dataset to determine the probability density function for 

each mode based on MOT and MCT parameters. The Bayes model was trained using the built-in.fitcnb 

function in MATLAB 2011 a. Once the model is trained, any new segment can be passed through the model 

and classified based on these density functions. 

Once each segment is classified into one of three modes, each sampling data point within that segment is 

assigned to the corresponding mode given to that segment. Thus, a time-continuous data file can be 

reconstructed using the mode identifier (1 - 3) for each sampling interval. Once this is complete, the rate 

constants between modes can be statistically extracted using conventional methods. 

The dwell times of each mode transition was binned together. The resulting histogram is fitted with 

exponential probability density functions. Fitting was performed in QUB software as described previously. 
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6.3.5 Simulations 

To simulate the macroscopic current in response to agonist application, we, first, separately considered the 

gating reaction mechanism determined for each mode under conditions of continuous saturating glycine. 

The transition rate matrix, Q, for the linear gating model is: 

- kaw2 ,[Glu ] kG2Gl 0 0 0 0 0 0 0 

kaw2 ,[Glu ] -ka201 - ka2c1· [ Glu] kCIG2 0 0 0 0 0 0 

0 k02C1 ,[Glu] - kCIG2 - k CIC2 - kCIC4 k c2c1 0 0 0 kC4Cl 0 

0 0 kCIC2 -kC2Cl - kC2C5 - kC2C3 kC3C2 0 0 0 kC5C2 
6.2 

Q= 0 0 0 kC2C3 -kC3C2 - kCJOI kOICJ 0 0 0 

0 0 0 0 kCJOI - kOICJ - k0102 ko201 0 0 

0 0 0 0 0 kow2 -ko201 0 0 

0 0 kCIC4 0 0 0 0 - kC4Cl 0 

0 0 0 kC2C5 0 0 0 0 -kC5C2 

where kiJ is the rate constant for transitioning from state i to state j. The system was then perturbed by pulses 

of saturating glutamate (1000 µM). Because in both fast-application patch configurations and in synaptic 

glutamate release event the time to which the [Glu] experienced by the NMDA receptor is very short (µs) , 

the time evolution of [Glu](t) is approximated as a square-pulse. This allows the time-varying rate constant 

between states G1G2 and G2C3 which is konGlu(t) to become fixed for the duration of the glutamate pulse, 

to+tpulse, and become 0 when the pulse ends, tpulse+trest- The initial probabilities prior to the application of the 

first glutamate pulse were given by the following probability vector: 

P(O) =[1 0 0 0 0 0 0 0 O] 6.3 

All the channels initially start in the glutamate-unbound state, G1. Note that the sum of the occupancy 

probabilities for all states must sum to 1. The time evolution of states 01 and 0 2 were solved iteratively by: 

P(t+dt) = expm(dt-Q)·P(t) 6.4 

Where expm is the matrix exponential operator and dt is the time step between iterations. To provide 

sufficient temporal resolution of the current, dt was 0.0001 s. 
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During simulations in which Jm is varied, to speed computation time, the parameter for each mode was 

determined by: 

JM =1- JL - JH 
6.5

JH =1- JM - JL 

This approach allowed only the systematically vary a single parameter, /L between O and 1. Note that sum 

offmmust always be l. 

The observed macroscopic current is the composite sum of current through each individual channel at every 

point in time. Thus, assuming ergodicity, the shape of the observed macroscopic current over time, I(t), is 

defined by: 

I(t) =N ·Po(t)·i 6.6 

where N is the number of channels expressed on the membrane (assumed to be constant for the duration of 

a typical recording), i is the unitary current amplitude ( only a single conductance level is considered for the 

experimental conditions used in this study), and Po(t) is the probability of the channel residing in the 

conducting state at any time t. However, because modal transitions can occur on longer timescales than a 

typical whole-cell recording or a synaptic event, only a fraction of channels in a given population will 

occupy each mode with differing gating kinetics. Thus, I(t) can be redefined as: 

J(t) =LN·f m (t) ·PO,m (t) ·i 6.7 
m 

whereJm(t) is the fraction of N channels in mode m at time t. 

Stochastic simulations of modal switching was achieved by conceptualizing modal gating as a hierarchical 

Markov model [509]. The first layer of the model is a three-state cyclical model corresponding to modal 

transitions. Within each state, consists a full seven-state kinetic model of gating governed by the kinetics 

of homogenous gating in the corresponding mode. For the total duration of a synaptic event recording (2 

sec) we first simulated the modal gating using the three state cyclical model derived in this study (Figure 
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6.SC). This generates the stochastic sequence of modal occupancies and their corresponding durations. 

Then for each mode sojourn, a separate stochastic simulation is carried out using the three closed, two open

state models (3C2O) previously derived for the activation kinetics of each mode [ 178] for each of l 0 

channels simulated. In the first mode sojourn of the recording, all receptors were initialized in the glutamate

unbound state and a 5 msec instantaneous pulse of l mM glutamate was used to initiate currents. 

For rapid implementation of this simulation, we considered each step in the hierarchical model according a 

continuous-time Markov process. Unlike discrete-time Markov processes, where each timestep is a discrete 

interval, a continuous time Markov process stochastically switches among each state at each iteration, 

known as the jump chain, while the holding time spent in each state at every iteration is a continuous random 

variable. In our simulation, we assume the set of holding times is exponentially distributed to match 

experimental observation in single-channel recordings. We used the empirically measured time-constants 

from exponential fits to event dwell-time histograms as the basis for the probability distributions in our 

simulation. To create the jump chain for each model, we assume no self-transitions such that all diagonal 

elements on transition probability matrix for each model, p;;, is 0. Thus, to measure these transition 

probabilities for modal transitions, we applied the Baum-Welsh forward-reverse algorithm to the output 

from the CUSUM-classification workflow (see above). No dwell time information was included so all 

diagonal elements are 0. Once the sequence and dwell times for modal sojourns are determined, ion channel 

gating is then simulated for the duration of each sojourn using the corresponding kinetics for the respective 

mode identity of the sojourn as a discrete-time Markov model with a specified time-step, dt. We converted 

the transition rate matrix, as in Eq. 6.2 to the corresponding transition probability matrix, A, according to 

the Kolmogorov relation: 

For the first timestep, channel is initialized at the glutamate unbound state and expenences and 

instantaneous jump to agonist saturation. This is allowed to proceed for the duration ofthe stimulation pulse 

( l msec) before agonist concentration is set to Oand the reaction proceeds with absorbing agonist unbound 
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states. For each subsequent sojourn the starting state was set as the prior state at the end of the last modal 

sojourn for continuity. This effectively allows a channel occupying state i of mode m (im) at time t, to 

proceed independently to states j or i of modes n or m at time t + dt, thus, satisfying the Markov property: 

P(X(t + dt) = l mvn I X(t) = im) 6.9 

To model electrophysiological recording conditions, we imposed a unitary current amplitude of 10 pA for 

each channel and a Gaussian noise with standard deviation ± 3 pA during channel opening and ± 2 pA 

during channel closing. We sampled at a rate of 2 kHz. 

All simulations were performed in MATLAB 2017b (Math Works). 

6.4 Results 

6.4.1 Modal gating provides a dynamic range of synaptic response times 

Within single-channel recordings of both GluN2A and GluN2B containing receptors, channels will 

stochastically interconvert between periods of low, intermediate, and high activity (Figure 6.lA). By 

segregating these periods ofactivity, separate kinetic models can fully describe their homogeneous behavior 

[147,178,182]. From each model, different gating modes appear to undergo activation and deactivation with 

distinct kinetics. Thus, it was found that different populations of receptors occupying each mode could 

mechanistically explain physiological EPSC decay times [ 191]. Despite this insight from the model, 

average models in which a five closed, two open state (5C2O) model is fitted to the entire recording (Figure 

6.1B) appear to lack the same predictive power for some known physiological parameters. When comparing 

the predicted outputs from published models of GluN2A and GluN2B gating kinetics in response to a 

synaptic-like stimulus, the models predict that GluN2B receptors decay faster than GluN2A receptors 

(Figure 6.lC). This is incompatible with the empirical data demonstrating a developmental speeding of the 

synaptic response time as GluN2A expression increases. 
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The source of this error may be due to the nature of traditional modal gating analysis or the nature ofnative 

subunit expression. The apparent infrequent transitions between modal sojourns can potentially have a large 

impact of the accuracy of the kinetic models derived from the recordings not sufficiently long enough to 

capture the full activity patterns explored by the channel. Consequently, a single receptor type may appear 

to behave very differently from patch to patch. However, each recording gets weighted equally in the final 

derivation of the kinetic model which reflects the average behavior of the channel across recorded 

observations. Thus, a given mode may be under or overrepresented in the averaged model. Alternatively, 

while GluN2A subtypes are thought to dominate mature synapses, GluN2B subtype expression is still 

comparatively strong. Thus, it is unclear to what degree modal gating of each subtype contributes to the 

final synaptic response. 

As a systematic study of the possible contribution of modal gating across development has not been 

attempted previously, we used our previously derived models for Low, Medium, and High mode for 

GluN2A [ 178] and GluN2B to explore the theoretical range of synaptic responses that a neuron can adopt. 

For each subtype, each individual mode exhibits responses with decay times that span several orders of 

magnitude (Figure 6.2A). For an arbitrary number of receptors, systematically varying the relative 

contribution of each mode to the final output yields a continuously tunable range of synaptic decay times 

as previously predicted (Figure 6.2B, left). However, also varying the relative contribution of GluN2A and 

GluN2B modes also yields a continuous range of synaptic responses. Thus, multiple mechanisms can 

contribute to the experimentally observed currents in vivo. 
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Figure 6.1: Statistical models do not predict physiological responses. (A, top) Representative single
channel recording of a (left) GluN2A and (right) GluN2B receptor expressed in HEK293 cells. (Bottom) 
Corresponding histograms of closed and open event durations superimposed with fitted exponential 
probability density functions. For open durations, events associated with Low (green), Medium (yellow), 
and High (red) gating modes are indicated. (B) Kinetic models of gating derived from maximum likelihood 
fits to duration histograms in A. For wild-type receptors, a five closed-state and two open-state model 
(5C20) optimally describes channel gating. All rates are in unites of s-1

. C, closed state. 0 , open state. 
These models reflect the weighted average kinetics of all gating modes observed in the recording. (C) 
Simulated synaptic open probability (Po) responses to a l msec glutamate pulse of GluN2A (black) and 
GluN2B (red) receptors. Inset, normalized responses predicts that GluN2A has a longer response than 
GluN2B. 
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Figure 6.2: Effect of modal gating on synaptic NMDA receptor properties. (A) Simulated synaptic 
responses for Low (green), Medium (yellow), and High (red) gating modes overlaid with the functional 
average (gray) response from separate models derived from (left) GluN2A and (right) GluN2B receptors. 
(B, left) Simulated synaptic responses of a population of GluN2A receptors with the fraction of receptors 
gating exclusively in Low (fr), Medium (fM), or High (fa) mode systematically varied. (Right) Altering the 
fractional contribution of each mode to the response as well as the fraction of GluN2A and GluN2B 
receptors allows for a continuously tunable response time spanning several orders of magnitude as 
quantified by the weighted time constant of a biexponential fit to the current. (C, left) Protocol for 
measuring the frequency-dependent potentiation of the synaptic NMDA receptor response. The peak 
response amplitude Clrk) to each glutamate application is measured as a function of the time delay between 
the first and second glutamate applications (lit). (Right) The quantified fold potentiation of the second peak 
as a function of interpulse delay for both GluN2A (black) and GluN2B (red) receptors gating exclusively 
in Low, Medium, or High modes. 
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Additionally, kinetic models have also predicted frequency dependent-potentiation of the synaptic 

response, a previously unexplored phenomena [ 178]. We further probed the effect of modal gating and 

subunit composition by simulating a two-pulse protocol whereby the first 1 msec glutamate application 

elicits an initial peak current (Ipk,1), Then after a delay time (lit) a second 1 msec glutamate pulse is applied 

to elicit a second peak current (Ipk,2), We found that the relative fold change in lpk,2 is also highly dependent 

on modal gating as each mode is differentially sensitive to repetitive stimuli (Figure 6.2C), Furthermore, 

GluN2B subtypes are significantly less sensitive to repetitive stimuli than GluN2A for all gating modes. 

This may reflect their differential physiological roles whereby GluN2A receptors which decay faster than 

GluN2B impart greater temporal resolution for frequency-dependent signaling. 

Given the broad range of possible functional outputs that modal gating across developmentally regulated 

receptor subtypes imparts, we sought to empirically measure modal gating transition kinetics in order to 

reconcile the apparent discrepancy between kinetic models derived from single-channel studies and the 

physiological output of neurons. 

6.4.2 CUSUM method performance in modal transition identification 

Previous of modal gating in NMDA receptors have relied on "sliding window" methods for identifying 

modes within single-channel records. In these methods, the recording is divided into segments ofequal time 

windows and a statistical average of a gating parameter ( eg. Mean open time or Po) is used to classify the 

data within the segment to a specific mode. Prior studies have arbitrarily selected window lengths of 1 sec, 

However, the sliding window method suffers from potential sources oferror. First, the length ofthe window 

artificially sets the minimum duration of a mode, Careful inspection of recordings reveals that many 

transitions occur on sub-second timescales (Figure 6.3A). However, there is no clear method for selecting 

the optimum window size without bias. Second, transitions between modes are more likely to occur within 

a given window rather than between windows. Because subsequent classification relies on average 

parameter values within the window, the results will be skewed and can result in misclassification. 
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To circumvent these significant sources of error, we adapted the cumulative summation (CUSUM) method 

for identification of modal transitions. CUSUM was originally developed for identifying changepoints in 

statistical parameters of time-dependent data which makes it highly suitable for the problem of identifying 

stochastic fluctuations in channel behavior [ 51 O] . For adapting this model to the problem of modal gating, 

rather than segmenting the data by time intervals, the time-continuous recording is segmented into "epochs" 

by number of opening events. For each epoch, the CUSUM algorithm is applied to search for modal 

transitions (Figure 6.3A). Each event in the epoch is assigned a score (Si) according to Eq. 6.1. A modal 

transition becomes apparent in the score by a reversal in the direction of the score. To quantitatively 

determine the positions of these changepoints, we applied a peak detection algorithm to the Si data for each 

epoch. Once identified, the epoch is divided accordingly into separate segments based on the changepoints. 

Next, to classify each segment into a mode, we focused on using prior knowledge of modal gating to allow 

accurate prediction of modal behavior. Given that modal behavior appears to selectively influence 

activation/deactivation kinetics described by the three closed, two open state linear model (3C2O) and does 

not influence desensitization [ 182], we used the previously derived kinetic models of modal activation to 

simulate l 000 1-sec intervals of equilibrium gating for each mode (Figure 6.3B). The average open and 

closed event durations were calculated for each interval. Using this information, each mode reliably 

aggregated into distinct clusters. We used a nai:ve Bayesian classifier to fit Gaussian probability 

distributions to these clusters allowing the development of a trained model to assign novel experimental 

data into one of three modes based on these posterior probability distributions (Figure 6.3B). Given that 

the training dataset comprised of only short-lived closed intervals during activation/deactivation kinetics, 

we coupled our measurement of average open and closed durations for each segment in an experimental 

record with a burst analysis to avoid the skewing effect of long-lived desensitized states. For each 

experimental single-channel record, the 5C2O model was fit to the data. For each record, the tent value 

separating the long-lived and short-lived closed events was used to exclude any closed durations longer 

than tent from the MOT and MCT calculation. The long-lived closed events were still included in the 
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calculation of modal occupancies. The underlying assumption of this analysis is that the receptor does not 

switch modes within a desensitized state given that the channel cannot be observed in this state. 

To test the accuracy of this workflow, we first constructed a hypothetical model for modal gating by 

arbitrarily connecting the separate kinetic models for each gating mode by their 0 2 state and assigned small 

values for rate constants to reflect their slow kinetics (Figure 6.4A). We then simulated 20 min of 

continuous equilibrium gating currents as well as preserving information of which state within the kinetic 

scheme was occupied at each time point in the simulation. We then applied our method to the simulated 

data. Qualitatively, the CUSUM algorithm performed well as different patterns of gating appeared to be 

assigned to different modes (Figure 6.4B). Quantitatively, the performance of the model was found to vary 

most significantly by the threshold for the peak detection step. Systematically varying this threshold with 

the number of events comprising each epoch allowed us to optimize the performance ofthe method to about 

95% accuracy (Figure 6.4C, left). We assessed the accuracy by comparing the actual sequence of states in 

the original ground truth simulation to that predicted by the algorithm after mode classification. Given the 

accuracy of the classification, we fitted the resulting mode duration histograms with single exponential 

functions to determine the rate constants for modal transitions. The derived rate constants agreed relatively 

well with the rates used in the simulation (Figure 6.4C, right) with exception of the rate from Medium 

mode to High mode (Model: kMH = 0.050 s-1; predicted: kMH = 0.206 s-1
). Given that the original rate was 

chosen to be slow, it is likely that 20 min simulation time was insufficient to observe all Medium to High 

mode sojourns. 
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Figure 6.3: Machine learning approach for quantifying modal gating. (A, top) Exemplar single-channel 
recording exhibiting a brief sojourn into High mode. (Middle) Above recording idealized using the 
segmental-k-means method. Stochastic binary fluctuations allow channel gating to be treated as a Bernoulli 
process. (Bottom) Scoring metric assigned to each event in the above recording using the CUSUM method. 
Vertical dashed lines indicated the predicted changepoints where putative transitions between modes occur. 
(B) Exemplar 1 sec single-channel segments ofequilibrium gating simulated using previously derived 3C20 
linear kinetic models ofreceptor activation for each gating mode. To train the classifier, 1000 such segments 
were simulated. For each segment the mean open time (MOT) and mean closed time (MCT) were 
calculated. (C) A Bayesian naive classified was used to train the model. Each mode clustered well by MOT 
and MCT. Each cluster was fit with a Gaussian density function. The finalized probability densities (contour 
plots) serve as the basis for classification of a channel recording into Low, Medium, or High mode. 
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Hypothetical arrangement of kinetic modes connected in a tiered architecture. Modes were allowed to 
interconvert arbitrarily through the 0 2 state. Rate constants controlling modal transitions were also 
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channel activity using tiered model of modal gating. Above is the output trace of the CUSUM identifier 
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sensitivity of the peak-finding algorithm allowed maximum correct classification of modal events to near 
95%. (Right) Rate constants derived for modal transitions of simulated data closely approximate those used 
in the original model. (D) Algorithm runtimes as a function of file length. Runtime increased exponentially 
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Lastly, we evaluated the performance of this algorithm by monitoring its runtime on empirical single

channel data files of varying lengths (Figure 6.4D). While the runtime was exponentially correlated with 

file length, the average file length made the algorithm compatible with implementation on a local computer. 

6.4.3 Conceptual model for NMDA receptor subtype-dependent modal gating 

Prior studies have described modal gating through a tiered kinetic model with each tier representing the 

gating kinetics of a different mode (Figure 6.4A) [178]. However, this constrains modal transitions to be 

coupled. Qualitative inspection of the data suggests that a channel may transition independently between 

any given mode (Figure 6.5A). We applied CUSUM to single-channel current recordings of GluN2A and 

GluN2B receptors. We found that the durations of modal sojourns distribute exponentially (Figure 6.5B). 

The observed independence on previous states and the exponential distribution of modal event durations is 

consistent with a memoryless Markov process. Thus, we assume that modal gating can be described by a 

three-state kinetic scheme and rate constants determined by conventional approaches [398]. We constructed 

our model for modal gating by a three-state cyclic scheme. Each state in the model represents the five 

closed, two open state kinetic scheme describing the gating kinetics for each mode. In this model, each 

mode can transition to any other mode independently. 

We fitted the cyclic model to the mode duration histograms to derive kinetic rate constants for modal 

transitions (Figure 6.SC). Importantly, for many recordings, each mode exhibited multiple exponential 

components. Whether this reflects different thermodynamic stabilities of each mode or the existence of 

additional modes beyond Low, Medium, and High is a subject for further investigation and was not explored 

here. We pursued our investigation with a three-state cyclic model ofmodal transitions whereby each mode 

is described by a single exponential term. For all modal transition kinetics, GluN2A and GluN2B receptors 

behaved similarly with the exception of transitions between High and Low modes. GluN2B receptors 

transitioned between Low and High mode an order of magnitude slower than GluN2A receptors. 

Consequently, this reduced the overall occupancy of the High mode for GluN2B (GluN2A PH= 0.128; 
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GluN2B PH= 0.097). Using these predicted occupancies of each mode, we simulated the macroscopic Po 

using Eq. 6.7 and scaled each mode by the derived occupancies (Figure 6.5D). The final GluN2A current 

exhibited a biphasic decay with time constants oh,= 49.1 msec; •2 = 218.0 msec. The final GluN2B current 

exhibited a biphasic decay with time constants of., = 147.6 msec; •2 = 447.0 msec. These values are 

consistent with experimentally recorded responses to brief glutamate pulses of recombinant 

[138,141,172,179,l 8 l] and native receptors [314,500,511]. 

6.4.4 Stochastic transitions between gating modes increases synaptic response variability 

Given the long timescale of many modal sojourns observed in a single-channel recording, it has largely 

been assumed that modal switching is infrequent and therefore would not significantly impact the functional 

output of a population ofNMDA receptors during a typical synaptic event. However, we found that modal 

sojourns distribute exponentially and thus a significant number of events occur on fast timescales (Figure 

6.5B). Therefore, we wanted to determine whether this new insight has any potential consequences on 

synaptic physiology. In typical brain slice preparations, the stimulation of a bundle of axon fibers results in 

the ensemble recording of multiple synapses from the soma of the postsynaptic cell (Figure 6.6A). Thus, 

heterogeneity in responses among synapses is lost. From Ca2+ imaging studies it has been estimated that as 

few as 1 to 10 NMD A receptors are activated at a given synapse [ 512]. This low number of active channels 

would only exaggerate the effect of stochastic processes governing channel activity either between multiple 

synapses or at the same synapse over repeated stimulations. 
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each mode illustrate that modal durations distribute exponentially consistent with a stochastic process. (C) 
Three state, cyclic model of modal gating for GluN2A (N = 24) and GluN2B (N = 17) single-channel 
recordings were fitted to the duration histograms for each file to derive rate constant estimates. All rate 
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. Rate constants significantly different between subtypes are highlighted in red 
(p < 0.05, Student's t-test). Rate constants allow prediction of the probability of occupying Low (PL), 
Medium (PM), and High (PH) modes. (D) Using calculated occupancies to scale each mode's synaptic 
response accordingly predicts ensemble decay times consistent with physiological values for both GluN2A 
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To determine whether modal transitions impacts the variability in synaptic responses, we simulated l 00 

sweeps of glutamate-evoked currents from a population of l 0 GluN2A receptors gating according to either 

the average model or cyclic model of modal gating (Figure 6.6B). In the average model, the relative 

contribution of each mode to the activity of the file is averaged out into the final rate constants derived from 

fitting a 5C2O kinetic scheme to the data. In the cyclical model, each mode is modeled separately with a 

5C2O kinetic scheme and connected in a cyclic fashion with rate constants derived previously allowing a 

channel to independently interconvert between modes (Figure 6.SC). For each response, we fitted the 

currents with a single exponential function. We found that the average model predicted responses that 

decayed with timescales between 74.1 to 2457.0 msec. In contrast, the cyclic model predicted responses 

that decayed with timescales between 16.9 to 9252.8 msec (Figure 6.6C). This approached nearly an order 

of magnitude difference between the two models (p = 0.0002; N = 100; Figure 6.6D). 

Thus, modal transitions occur fast enough to significantly impact synaptic responses. This has the effect of 

broadening the functional diversity of the individual synapse. 

6.5 Discussion 

In this study, we developed a novel method for determining modal gating kinetics from single-channel 

recordings. Using this method, we were able to approximate, for the first time, kinetics governing the 

transitions between modes for GluN2A and GluN2B receptors. These data offer important mechanistic 

information on the developmental regulation ofNMDA receptor-mediated synaptic transmission. We found 

that modal dwell times distribute exponentially consistent with a stochastic Markovian process. However, 

the rate constants governing the transitions between modes are faster than previously assumed allowing for 

rapid exploration of modal states. 
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Figure 6.6: Modal trans1t10ns predict greater variability in response times. (A) Standard somal 
electrophysiological recordings of evoked NMDA receptor responses (gray) represent the spatial average 
of individual synaptic response across many synapses. Cortical neuron morphology from 
http ://neuromorpho.org/ (Neuron ID: Hl6-06-007-0l-07-01_571972129 _m) [513]. (B) Representative 
synaptic responses of 10 NMDA receptors to 5 msec saturating glutamate (gray, dashed line). Responses 
fitted with single exponential functions (dashed red curve). Scale bar indicates current amplitude of 10 pA 
and timescale of 200 msec. (C) Normalized exponential decays predicted from 100 simulated synaptic 
responses using the empirically derived average model (top) and the cyclical model (bottom) of modal 
gating. (D) Distribution of calculated decay time constants ('r) from exponential fits for average (gray) and 
cyclic (red) model. 

205 

http://neuromorpho.org


6.5.1 Insights into the physiological relevance of modal gating 

We found that modal transitions for NMDA receptors occur faster than previously assumed [191]. This 

insight demands a reevaluation of our current model ofNMDA receptor kinetics at the synapse. Because 

modal gating kinetics were assumed to occur very infrequently, it was hypothesized that for any given 

population of receptors at a synapse, a steady fraction of channels will exist in a particular mode at any 

given time for the duration of a synaptic event. However, with the observation that as few as 10 NMDA 

receptors may be activated by glutamate release at a synapse [ 512], the effect of stochastic fluctuations in 

channel function becomes more apparent and the heterogeneity of response times becomes highly variable 

(Figure 6.6C, D). Consistent with this prediction, vast heterogeneity has been observed in the amplitude 

and timecourse of the NMDA receptor mEPSC component in native receptors [514]. Consistent with this, 

optical recordings have suggested that individual synaptic events can vary in timecourse along spatial axes 

on the neuronal branches [470]. Our model correctly predicts that the timecourse of the NMDA receptor 

EPSC is more variable between individual synapses and synaptic events. The failure of previous models to 

capture this phenomenon is due to 1) the inability of prior methods to accurately measure modal kinetics 

and 2) the use of traditional electrophysiological recordings for measuring evoked synaptic transmission 

recorded en masse at the soma to validate experimental models [192]. Thus, the resolution of the model is 

limited to the functional output of the entire cell. 

The insights garnered from our model have several potential physiological implications. First, the decay 

time of a synaptic event is crucial for setting the temporal precision of neural transmission. Developmental 

and experience-dependent speeding of both excitatory and inhibitory synaptic currents [515,516] appears 

to be important for precise sensory perceptions, motor movements, and cognition [517,518]. It has been 

shown that modal gating is an important determinant ofmacroscopic current decay in response to synaptic

like stimuli [178,191]. Thus, the ability of a neuron to exhibit a multitude of activity patterns in response 

to the same stimulus across its network of synaptic spines through NMDA receptor modal gating transitions 

boosts the information storage capacity of the cell. Second, synaptic plasticity has been shown to be 
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significantly more complex that the classical Hebbian model. During presynaptic firing onto a single 

synapse, clusters of proximal synapses experience activation and can exhibit competitive interactions for 

the selective spine strengthening underlying plasticity [ 519]. This type of coordination allows for 

supralinear processing of synaptic input [520]. In similar competition-based evolutionary models, 

individual variation is a critical determinant of outcome. Thus, as stochastic fluctuations between modes 

confer functional variation among a population of spines in response to a stimulus, this could provide a 

critical determinant of synaptic dominance during coordinated forms ofplasticity in a population of spines. 

Lastly, a typical neuron receives thousands of inputs from a diverse array of functionally distinct neuronal 

populations in the brain. In cortex and hippocampus, a broad array of activity frequencies occur [ 521]. 

Thus, if modal gating is a biologically regulated process, controlled synaptic response times may serve to 

independently optimize postsynaptic responses at subsets of synapses receiving inputs from distinct 

neuronal populations that fire at specific frequencies. Similar mechanisms may also occur for presynaptic 

NMDA receptors that control frequency-dependent glutamate release [80,87-89]. 

6.5.2 On the structural basis of modal gating 

Modal gating is conserved across a structurally diverse range of channels including voltage-gated Na+ 

channels [188] ; c1- channels [522] ; N- [523], P/Q- [524], L-type Ca2+ channels [525] ; IP3R [526] ; bacterial 

KcsA channel [527] ; ryanodine receptors [528] ; acetylcholine receptors [529] ; AMPA receptors [530] ; 

NMDA receptors [531 ]; and G-protein activated channels [532]. The broad array of eukaryotic ion channels 

is believed to have originated from a common bacterial ancestor, such as the KcsA channel [ 47]. 

Structurally, the KcsA channel consists of two transmembrane domains and a re-entrant p-loop helix. Prior 

mutagenic studies have suggested that residues along the activation gate are critical for modal gating [527]. 

This conclusion is based on mutations that render the channel gating exclusively with single mode-like 

kinetics. If indeed these kinetics represent single modes, it may be that structural changes in the activation 

gate are structural endpoints of modal transitions rather than structural initiators of modal transitions. 
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Ineffective analysis methods have hampered our ability to assign specific structural elements to modal 

gating. Prior studies have interpreted mutations that appear to "lock" a channel within a given mode as a 

critical factor for modal gating [417,527]. However, critical residues for channel behavior may have subtle 

functional effects which these approaches fail to detect. Unlike other iGluRs, NMDA receptors exhibit a 

more compact structure, thus, increase the number of intra- and interdomain contacts which are essential 

for function. Given then intimate coupling between the ligand binding domain and the activation gate [211 ], 

subtle movements in the glutamate-bound ligand binding domain clefts can have strong impacts on gating 

[183,533]. The inherent flexibility of the linkers coupling ligand binding with the gate make the interface 

between these domains a possible candidate for the structural initiator of modal transitions. Consistent with 

this, modulating linker tension profoundly alters ability of channels to activate but not desensitize [ 196]. 

Thus, while the open conformation of the activation gate is relatively stabilized or destabilized in different 

modes but structural elements that couple to the activation gate may determine the ability of modes to 

interconvert. 

Our method developed here can provide a quantitative method for identifying which rate constants between 

modal sojourns are selectively perturbed upon specific residue mutations. A structural characterization of 

modal gating will be the goal of future studies. 

6.5.3 Comparison with other methods for studying modal gating 

In this study, we found CUSUM was able to detect modal transitions in NMDA receptor gating. 

Conventional modal gating analysis algorithms assign modes according to the value of a channel kinetic 

parameter, e.g., Po, or channel opening or closing durations, averaged over current record segments either 

with a fixed duration [147,178,523,534,535]. This method is hampered by the inability to determine an 

optimal segment length. When short averaging segments are used, the value of the averaged parameter 

exhibits high segment-to-segment variability due to the small number of gating events present in each 
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segment, thus, rendering accurate separation of gating modes. Conversely, long averaging segments result 

in loss of temporal resolution to capture abrupt modal transitions. 

Other methods have been proposed to study modal gating in other channel types. In AMP A receptors, 

single-channel currents exhibit up to four conductance levels reflecting the partial pore opening of each 

subunit [536]. In kinetic models ofAMPA receptor gating, each conductance level is modelled as a unique 

open state [537]. As modal gating is defined by differences in open state occupancy, a threshold crossing 

algorithm is applied whereby segments of the recording that exhibit more frequent transitions into fully 

open pore conformations (ie. larger conductance levels) can be classified into High mode. In contrast, 

segments of the recording that exhibit fewer transitions into fully open pore conformations (ie. smaller 

conductance levels) can be classified into Low mode [530]. 

In IP3Rs, modal gating is regulated by both Ca2+ and ligand concentrations. Prior methods were developed 

tailored to IP3R gating kinetics to identify modal transitions [538]. Closed durations and burst-terminating 

gap durations were monitored and detected as modal transitions based on predefined threshold values. A 

modal transition was defined when a burst-terminating gap above the duration threshold was followed by 

one below the threshold. From this method, it would appear that only entire bursts could be classified in a 

particular mode. This method was unsuitable for our analysis as many modal sojourns occurred within a 

single burst (Figure 6.3A). Additionally, based on these criteria, single periods of burst-terminating gaps 

where no channel opening occurred were classified as low mode. We were not prepared to make this 

assumption in our analysis for NMDA receptor gating as burst-terminating gaps reflect desensitization 

which is not thought to be affected by modal gating for wild type receptors [178,182]. Because open event 

parameters have, thus far, yielded the most consistent results for identifying NMDA receptor gating modes, 

we sought a method that would focus on channel opening as our benchmark for identifying gating modes. 

The algorithm used in our study integrates prior methods of segmenting single-channel data by a fixed 

event number [522,539,540] with a cumulative summation scoring algorithm used in changepoint 

detection [510] and a Bayesian classification step using prior information ofmodal gating kinetics. This 
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method takes advantage of the rigorous studies performed previously in separately characterizing each 

gating mode. Unlike previous sliding window methods, our method allows high temporal resolution for 

detecting modal transitions. Consequently, we have revealed novel properties of the nature ofmodal 

transitions for NMDA receptors. Whether such properties can generalize to other channel types remains 

to be determined. This method may serve as the basis for beginning to unravel the complexities behind 

the biological significance and biophysical determinants of modal gating among ion channels. 
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Chapter Seven: General Discussion and Conclusions 

The work in this thesis has focused on elucidating mechanisms by which physiological Ca2+ modulates 

NMDA receptor activity by engaging intracellular calmodulin to induce Ca2+-dependent inactivation of 

the channel. Among the iGluR family, NMDA receptors appear to be uniquely modulated directly by 

calmodulin. Thus, an understanding ofhow calmodulin shapes the NMDA receptor signal will better reveal 

the unique roles of NMDA receptors in physiology and disease and the design of pharmaceutical 

interventions. 

The studies presented within this thesis have been focused on umavelling the complex signaling that 

underlies NMDA receptor modulation by Ca2+ at the synapse. Specifically, we focused on an understudied 

mode of regulation known as Ca2+-dependent inactivation (CDI) by calmodulin (CaM). Many diverse 

classes of ion channels are regulated by direct interactions with CaM. We sought to determine whether 

NMDA receptors displayed unique modes of regulation by CaM or operated under common mechanisms 

with other channels. We designed experiments to probe the spatial proximity of the inactivating CaM 

molecule to the channel during CDI as well as the degree of coupling between channels due to intracellular 

Ca2+ elevations. We also probed how CDI may differentially shape NMDA receptor responses during 

development by analyzing the impact of subunit identity on CDI. Through this work, we revealed 

previously unknown aspects of Ca2+ regulation on NMDA receptors and further added to the growing data 

on the complex signaling mechanisms that occur within the synaptic space. 

In order to make mechanistic conclusion about CDI, we first utilized a precise measure ofCDI to distinguish 

CDI from functionally similar forms of inactivation. This required the pairing of each recording in the 

presence of Ca2+ to its own control recorded in the absence of Ca2+ to determine the basal level of 

inactivation. This measure ofpure CDI allowed us to compare channel activity under a variety ofconditions. 

Three major findings emerged from this first study: 1) certain recombinant systems such as HEK293 cells 

may not allow for observing the full extent of CaM-dependent processes due to the low levels of 

endogenous CaM expressed, 2) by increasing the fractional Ca2+ current through the NMDA receptor pore 
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while restricting intracellular Ca2+ diffusion we find that the inactivating CaM molecule is situated - 10 nm 

from the pore, and 3) a kinetic model whereby CaM preassociates with the receptor prior to binding Ca2+ is 

sufficient to describe the observed macroscopic behaviors of the channel. 

A consistent theme in biological signaling is the close proximal clustering of ligand sensor proteins into 

microdomains with sources of ligand influx/production. This serves to minimize unwanted crosstalk 

between pathways thus allowing for more precise spatiotemporal signaling. This has been observed for 

many diffusible second messengers such as cAMP [541] and Ca2+ [542] as well as glycolytic machinery 

providing privileged energy for synaptic vesicle trafficking [543]. Our observation of close coupling 

between CaM and the NMDA receptor is consistent with this biological theme. Our results are substantiated 

by the recent observation that coordinated Ca2+ influx through both NMDA receptors and voltage-gated 

Ca2+ channels is required for the induction of spike-timing dependent plasticity in native preparations of 

hippocampal neurons [304]. Additionally, this requirement did not depend on the overall fluxed Ca2+ load. 

Thus, distinct Ca2+ sources are sensing and responding to differential Ca2+ signals as a logic "AND" gate 

within the synaptic spine. This result is consistent with distinct Ca2+ sensors located in nanodomains 

surrounding the Ca2+ sources separated by the presence of Ca2+ buffers [ 412-414]. Ca2+ elevations in the 

spine are short-lived due to local membrane extrusion, sequestration in internal stores, and diffusion through 

the spine neck [544-546]. Thus, our determination of CaM being closely coupled with parent NMDA 

receptor activity is consistent with the complex Ca2+ signaling rules that take place in the chemical 

integration of the dendritic spine. 

Given our proposed model of a closely positioned CaM molecule to the channel, we next designed a study 

that addressed the implications of this model on the collective activity of a population of receptors. 

Specifically, we asked whether Ca2+ influx modulated channel activity of neighboring receptors through 

CaM. We found that as few as one neighboring NMDA receptor was sufficient to inhibit the activity of 

another receptor within a cell-attached patch recording. This suggests that the NMDA receptor Ca2+ 

transient during gating is sufficiently large enough to influence neighboring channels. This is substantiated 

213 



by the observation that Ca2+ influx through NMDA receptors is essential for activating synaptic Ca2+ -

activated SK channels [303]. Additionally, clustered subsynaptic distributions of NMDA receptor 

microdomains have been identified in central [547] or peripheral regions of the PSD [548,549]. Thus, it is 

proposed that NMDA receptors organize in high density nanodomains within the PSD to optimize their 

open probability by alignment with the presynaptic release site [550]. In light of the results found in this 

thesis, we found that PSD-95, a major postsynaptic protein that clusters NMDA receptors, facilitates this 

negative cooperativity between channels. Thus, consistent with the balancing of optimal channel activity 

for physiological function with curbing excessive Ca2+ influx, we propose that in addition to the fast 

temporal inhibition of channel activity through CDI and CaM, a cluster ofNMDA receptors are capable of 

spatially coordinating their activity through Ca2+ spillover between receptors. As the rate of CDI is slower 

than the activation time of the NMDA receptor, this spatiotemporal mechanism of tuning the synaptic 

output allows for quick channel activation followed by fast curtailing of the current in an activity- and 

receptor density-dependent manner. 

NMDA receptor composition at a synapse is not static. NMDA receptor subtypes exhibit developmental 

expression patterns that have significant impacts on synaptic physiology by altering the synaptic 

composition ofNMDA receptor subunits. We found that the kinetic heterogeneity afforded by modal gating 

ofboth GluN2A and GluN2B receptor subtypes significantly increases the variability of synaptic responses 

Given the importance of the developmental regulation of the synaptic response, we were interested in 

investigating how CDI modulates NMDA receptor physiology across development by revisiting the 

subtype-dependence of CDI [219]. The major finding of this study was that although wild type GluN2B 

receptors do not exhibit appreciable CDI under physiological conditions, this is not due to an inability to 

undergo CDI. In fact, a common kinetic mechanism underlies the CDI of both GluN2A and GluN2B 

receptors. However, as engaging this mechanism is dependent on Ca2+ influx, subtype-dependent 

differences in gating kinetics and open state occupancy mechanistically explain the experimentally 

observed results. Indeed, introducing a disease-related mutation that boosts channel open probability 
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reveals CDI in GluN2B receptors. These data have several important implications in our understanding of 

physiology and disease. Specifically, these results may suggest a re-evaluation of the proposed mechanisms 

for disease-related mutations. Several epilepsy-associated mutations are known to have diverse effects on 

channel activity [551]. However, the functional effect of these mutations are often studied under non

physiological conditions such as high pH and low divalent metals, such as Ca2+. The substantial inhibitory 

effect of Ca2+ on the high-Po disease-related GluNl mutation used in this study suggests that for mutations 

that boost channel open probability, these receptors may be pathologically low activity under physiological 

conditions in contrast to previous assumptions that such high-Po mutations resulted in hyperexcitability. 

However, the hyperexcitability associated with epilepsy is thought to deplete extracellular Ca2+ levels due 

to excessive flux into the cell [552]. More research into the microphysiology of extracellular Ca2+ during 

disease is needed; however, an alternative mechanism of disease is that the transient depletion of Ca2+ 

results in reduced Ca2+ current through the channel and no longer engages CaM to inactivate the channel. 

This would allow the high-Po effect of the mutation to result in greater Na+ influx and hyperexcitability. 

Additionally, our data suggests that GluN2B receptors serve to buffer against substantial CDI during normal 

physiological conditions whereas GluN2A receptors are highly susceptible to CDI. This may reflect 

differential roles in synaptic maturation. At young synapses, GluN2B receptors predominant. Early in the 

learning of a behavior, initiation of synaptic plasticity and strengthening requires substantial Ca2+ influx to 

engage downstream signaling for AMP A receptor insertion. As the synapse is strengthened upon repeated 

stimulation, the subunit composition changes to a GluN2A predominant population of receptors, which 

exhibit shorter current responses. This increased temporal resolution may serve to assist in the precision 

and refinement of the behavior and to allow only minimal Ca2+ influx for synaptic maintenance. 

The results presented in this thesis may also provide important insights into NMDA receptor-dependent 

Ca2+ pathologies. Given their essential role in neurophysiology, NMDA receptors have long been a 

desirable pharmacological target for treating ofneurological disorders. However, their integral function and 

complex molecular structure has limited the success of clinical intervention. Nevertheless, modulation of 
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NMDA receptor activity has met with successes and failures in the clinic. Part of the challenge is our lack 

of mechanistic knowledge of NMDA receptor function. Most mechanistic studies have utilized 

nonphysiological conditions (recombinant populations, no divalent metals and pH 8) to maximize channel 

activity for easier recordings. These conditions provide limited insight into how channels are functioning 

in situ and how they malfunction in disease. By studying how physiological Ca2+ affects NMDA receptors, 

the results presented in this thesis may provide unique insights in the design of more effective clinical 

interventions for NMDA receptor-mediated pathologies. 

One particular NMDA receptor pathology that highlights the importance of understanding the effects of 

Ca2+ on channel function is ischemic stroke. Cerebral ischemia in the brain leads to a massive release of 

glutamate, which activates NMDA receptors and induces excess Ca2+ influx leading to neuronal death. 

Clinical trials ofNMDA receptor antagonists have failed to show significant benefit and even exacerbated 

mortality [553]. The most prominent clinical success of NMDA receptor inhibition has been memantine 

(Namenda®), an open channel blocker, in the treatment of Alzheimer's disease [319] and stroke [554]. 

Recently, it was determined that memantine may exert its inhibitory effect by selectively increasing 

occupancy of a Ca2+-dependent inactivated state [ 493]. This CDI state may have important implications in 

circuit development [376]. Inappropriate neural circuit development has been implicated in a plethora of 

neurological disorders such as autism [555], schizophrenia [556], and epilepsy [557]. The results presented 

in this thesis may serve as a crucial foundation on which to understand the molecular nature of NMDA 

receptor CDI and, therefore, how this specific mechanism functions in physiological and pathological 

states. In moving forward, integrating tissue and subcellular compartment-specific pharmacological 

targeting, such as DART [ 494], with drugs selective to specific functional and structural states of the 

receptor will allow spatiotemporal control of drug effects and usher in the development of next generation 

drug design and precision medicine. 
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8.1 NMDA receptor simulations 

function [time, states, Po, current]= NMDAR_simulation(N, i, pulse_t, rest_t, Glu_conc, 
open_statel, open_state2, subunit_model) 

%%%% INPUT Parameters 
%N = number of channels 
%i = unitary amplitude 
%pulse_t = length of glu pulse (sec) 
%rest_t = length of time after glu pulse (sec) 
%Glu_conc = glutamate pulse concentration (uM) 
%open_statel = define index of ol (state to plot) 
%open_state2 = define index of 02 (state to plot) 
%subunit_model = set which model rates to use, ie. GluN2A or GluN2B rates 

%sample parameters 
%[time, states, Po, current] = NMDAR_simulation(lOO, 8, 5, 0, 1000, 6, 7, 1); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%set time resolution 
if pulse_t >= 0.01 

dt 0.01; 
else 

dt 0.0001; 
end 

roModel rates based on scheme derived in Popescu Lab 
%kl Glul->Glu2 
%k2 Glu2->Glul 
%k3 Glu2->Cl 
%k4 cl->Glu2 
%k5 Cl->C2 
%k6 C2->Cl 
%k7 C2->C3 
%k8 C3->C2 
%k9 c3->0l 
%k10 Ol->C3 
%kll ol->02 
%k12 o2->0l 
%k13 Cl->C4(Dl) 
%k14 C4(Dl)->Cl 
%k15 C2->C5(D2) 
%k16 C5(D2)->C2 

%define model rate constants s-1 
%Kinetic model library 
N2Ahigh=[41,58,20,115,93,196,914,954,6729,321,1343,247,3,0.5,8,44]; %activation rates from 
Popescu et al. 2004 Nature; desensitization rates from Cummings & Popescu 2015 JGP 
N2Amed=[39,58,19,116,150,173,902,2412,4467,1283,4630,526,3,0.5,8,44]; 
N2Alow=[34,60,17,120,127,161,580,2610,2508,2167,3449,662,3,0.5,8,44]; 
N2Aavg=[34,60,17,120,310,90,660,2100,3870,720,1620,740,10,0.3,8,44]; 
N2Bhigh=[l2,15,6,30,297,115,736,2258,1425,422,1878,833,3,l.5,3,43]; 
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N2Bmed=[l2,15,6,30,263,156,549,2166,1749,633,1644,944,2,l,6,32]; 
N2Blow=[l2,15,6,30,110,98,273,2320,1011,927,941,967,3,l.2,4,5]; 
N2Bavg=[l2,15,6,30,205,140,490,2200,1450,615,1060,750,2.6, .7,9,25]; 

k=[]; 
if subunit_model -- 1 

k=N2Aavg; 
elseif subunit_model 2 

k=N2Alow; 
elseif subunit_model 3 

k=N2Amed; 
elseif subunit_model 4 

k=N2Ahigh; 
elseif subunit_model 5 

k=N2Bavg; 
elseif subunit_model 6 

k=N2Blow; 
elseif subunit_model 7 

k=N2Bmed; 
elseif subunit_model 8 

k=N2Bhigh; 
end 

kl= k(l); 
k2 k(2); 
k3 k(3); 
k4 k(4); 
k5 k(S); 
k6 k(6); 
k? k(?); 
k8 k(S); 
k9 k(9); 
klO = k(lO); 
kll = k(ll); 
k12 k(12); 
k13 k(13); 
k14 k(14); 
k15 k(15); 
k16 k(16); 

Glu = Glu_conc; 

%A matrix of model rate constants 
A= [-kl*Glu k2 0 0 0 0 0 0 O; 

kl*Glu -k2-k3*Glu k4 0 0 0 0 0 O; 
0 k3*Glu -k4-k5-k13 k6 0 0 0 k14 O; 
0 0 k5 -k6-k15-k7 k8 0 0 0 k16; ... 
0 0 0 k? -k8-k9 klO O O O; ... 
0 0 0 0 k9 -klO-kll k12 0 O; 
0 0 0 0 0 kll -k12 0 O; .. . 
0 0 k13 0 0 0 0 -k14 O; .. . 
0 0 0 k15 0 0 0 0 -k16]; 

%vector of state probabilities 
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f = [1 0 0 0 0 0 0 0 OJ'; 

tl = O:dt:pulse_t; 

u = []; 
for tl 

u = [u,expm(i *A) *f]; 
end 

Glu = O; 
A= [-kl*Glu k2 0 0 0 0 0 0 O; 

kl*Glu -k2-k3*Glu k4 0 0 0 0 0 O; 
0 k3 *Glu -k4-k5-k13 k6 0 0 0 k14 O; 
0 0 k5 -k6-k15-k7 k8 0 0 0 k16; ... 
0 0 0 k? -k8-k9 klO O O O; ... 
0 0 0 0 k9 -klO-kll k12 0 O; 
0 0 0 0 0 kll -k12 0 O; .. . 
0 0 k13 0 0 0 0 -k14 O; .. . 
0 0 0 k15 0 0 0 0 -k16]; 

t2 O:dt:rest_t; 

f2 u(:,end); 
V = []; 
for i = t2 

v = [v,expm(i *A) *f2]; 
end 

U=U'; 

V=V'; 

b=[u;v]; 

t3=t2+tl(end); 
tt = [tl,t3]; 
time=tt'; 

ol = b(: ,open_statel); 
02 = b(: ,open_state2); 
Po= ol+o2; 
current= Po*N*i; 

figure 
subplot(2,l,l) 

set(gca, 'TickDir' , 'out' , 'Fontweight' , 'bold' ); 
xlabel( 'time (sec)' , 'Fontsize' ,12, 'Fontweight' , 'bold' ); 
ylabel( 'state occupancy' , 'Fontsize' ,12, 'Fontweight' , 'bold' ); 
hold all 
set(gcf, 'color' , 'w' ); 

plot(time,states) 
legend( 'Glul' , 'Glu2' , 'cl' , 'c2' , 'c3' , 'ol' , 'o2' , 'c4' , 'c5' ); 

subplot(2,l,2) 
set(gca, 'TickDir' , 'out' , 'Fontweight' , 'bold' ); 
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xlabel( 'time (sec)' , 'Fontsize' ,12, 'Fontweight' , 'bold' ); 
ylabel( 'current (pA)' , 'Fontsize' ,12, 'Fontweight' , 'bold' ); 
hold all 
set(gcf, 'color' , 'w' ); 

plot(time,current) 

end 

8.2 Calmodulin/NMDA receptor interaction model simulations 

function y apoca lmodulin_ preassoc i at i on 3state(t , Y, Lobe) 

y = Y*0 ; 

%apocalmodulin preassociation 

global QP 

switch Lobe 

case 1 

kon = l. 2el0 ; %C lobe 

koff = . 003 ; %C lobe 

case 2 

kon = 3 . 7e l 2 ; %N lobe 

koff = 3 ; %N lobe 

end 

apokon = l; 

apokoff = 2 . 25 ; 

y( l,l ) = y( l,l ) - Y( l )*apokon+Y(2)*apokoff ; 

y(2 ,l ) = y(2 ,l ) - Y(2)*apokoff - Y(2)*kon*((QP . Ca+QP . g l oba l )A2) + Y( l )*apokon 

+Y(3)*koff ; 

y(3 ,l ) = y(3 ,l ) - Y(3)*koff +Y(2)*kon*((QP . Ca+QP . g l oba l )A2) ; 

end 

function y h o l oca l modulin assoc i at i on 3state(t , Y, Lobe) 

y = Y*0 ; 

%holocalmodulin association 

global QP 

switch Lobe 

case 1 

kon = l. 2e l 0 ; %C lobe 

koff = . 003 ; %C lobe 

case 2 

kon = 3 . 7e l 2 ; %N lobe 

koff = 3 ; %N lobe 

end 
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ho l okon = l ; 

ho l okoff = 0 . 087 ; 

y(l , l) = y(l , l) - Y(l)*kon*( (QP . Ca +QP . g l oba l )A2) +Y(2)*koff ; 

y(2 ,l ) = y(2 , l) - Y(2)*koff - Y(2)*ho l okon+ Y( l )*kon*((QP . Ca+QP . g l oba l )A2) 

+Y(3)*ho l okoff ; 

y(3 ,l ) = y(3 , l) - Y(3)*ho l okoff +Y(2)*ho l okon ; 

end 

8.3 Coupled Markov Model fitting 

function [A_2, A_3, A_4, A_S, A_6, A_7]=generatematrix2(coupling_type) 

%[A_2, A_3, A_4, A_S, A_6, A_7]=generatematrix2(2); 
%coupling_type, 1 = positive, 2 = negative 

syms r z k %adapted notation from Chung and Kennedy 1996 

%Generate independent transition probability matrices for N channel patches 
v = [z 1-z; ... %single channel 

1-r r]; 
Pi 2 kron(v,v); %two channels 
Pi 3 kron(V,Pi_2); %three channels 
Pi_4 kron(Pi_3,v); %four channels 
Pi 5 kron(Pi_4,v); %five channels 
Pi 6 kron (Pi_S, V); %six channels 
Pi 7 kron(Pi_6,v); %seven channels 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%generate aggregated matrices 
L_2 [1 0 0 0; ... %3x4 
0 2 2 O; ... 

0 0 0 1]; 

R_2 = [1 0 0; ... %4x3 
0 1 0; .. . 

0 1 0; .. . 

0 0 1]; 

R_3 [1 0 0 0; ... %8x4 
0 1 0 0; .. . 

0 1 0 0; .. . 

0 1 0 0; .. . 

0 0 1 0; .. . 

0 0 1 0; .. . 

0 0 1 0; .. . 

0 0 0 1]; 

L_3 [1 0 0 0 0 0 0 0; ... %4x8 
0 3 3 3 0 0 0 0; .. . 

0 0 0 0 3 3 3 0; .. . 
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0 0 0 0 0 0 0 1]; 

L_4 = zeros(5,16); 
L_4(1,l) = 1; 
L_4(2,2:5)=4; 
L_4 (3 , 6: 11) = 5 ; 
L_4(4,12:15) = 4; 
L_4(5,16) = l; 
R_4 = zeros(l6,5); 
R_4(1,l) = 1; 
R_4(2:5,2) = 1; 
R_4(6:ll,3) = 1; 
R_4(12:15,4) = 1; 
R_4(16,5) = 1; 

L=5; 
R_5 = zeros(2AL,L+l); 
R_5(1,l) = 1; 
R_5(2:6,2) = 1; 
R_5(7:16,3) = 1; 
R_5(17:26,4) = 1; 
R_5(27:31,5) = 1; 
R_5(32,6) = 1; 
L_5 = zeros(L+l,2AL); 
L_5 (1, 1) = 1; 
L_5(2,2:6)=5; 
L_5(3,7:16) = 10; 
L_5(4,17:26) = 10; 
L_5(5,27:31) = 5; 
L_5(6,32) =l; 

L = 6; 
R_6 = zeros(2AL,L+l); 
R_6(1,l) = 1; 
R_6(2:7,2) = 1; 
R_6(8:22,3) = 1; 
R_6(23:42,4) = 1; 
R_6(43:57,5) = 1; 
R_6(58:63,6) = 1; 
R_6(64,7) = 1; 
L_6 = zeros(L+l,2AL); 
L_6(1,l) = 1; 
L_6(2,2:7)=6; 
L_6(3,8:22) = 15; 
L_6(4,23:42) = 20; 
L_6(5,43:57) = 15; 
L_6(6,58:63) =6; 
L_6 (7, 64) = 1; 

L = 7; 
R_? = zeros(2AL,L+l); 
R_?(l,l) = 1; 
R_7(2:8,2) = 1; 
R_7(9:29,3) = 1; 

%32x6 

%6x32 

%32x6 

%6x32 

%32x6 
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R_7(30:64,4) = 
R_7(65:99,5) = 
R_?(l00:120,6) 
R_7(121:127,7) 
R_7(128,8) = 1; 

1; 
1; 

= 1; 

L_7 = zeros(L+l,2AL); 
L_7(1,l) = 1; 
L_7(2,2:8)=6; 
L_7(3,9:29) = 15; 
L_7(4,30:64) = 20; 
L_7(5,65:99) = 15; 
L_7(6,100:120) =6; 
L_?(?,121:127) = l; 
L_7(8,128) = l; 

%6x32 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%generate coupling matrices 
switch coupling_type 

case 1 %positive coupling 
Pc_2 = sym(zeros(4,4)); 
Pc_2(1,l) = z; 
Pc_2(1,end) = (1-z); 
Pc_2(end,l) = (1-r); 
Pc_2(end,end) = r; 
Pc_2(2:end-l,l) = 0.5; 
Pc_2(2:end-l,end) = 0.5; 
Pc 2 k'' L_2 1' Pc_2 1' R_2; 

Pc_3 = sym(zeros(S,8)); 
Pc_3(1,l) = z; 
Pc_3(1,end) = (1-z); 
Pc_3(end,l) = (1-r); 
Pc_3(end,end) = r; 
Pc_3(2:end-l,l) = 0.5; 
Pc_3(2:end-l,end) = 0.5; 
Pc 3 k'' L_3 1' Pc_3 1' R_3; 

Pc_4 = sym(zeros(l6,16)); 
Pc_4(1,l) = z; 
Pc_4(1,end) = (1-z); 
Pc_4(end,l) = (1-r); 
Pc_4(end,end) = r; 
Pc_4(2:end-l,l) = 0.5; 
Pc_4(2:end-l,end) = 0.5; 
Pc_4 k'' L_4 1' Pc_4 1' R_4; 

Pc_5 = sym(zeros(32,32)); 
Pc_5(1,l) = z; 
Pc_5(1,end) = (1-z); 
Pc_5(end,l) = (1-r); 
Pc_5(end,end) = r; 
Pc_5(2:end-l,l) = 0.5; 
Pc_5(2:end-l,end) = 0.5; 
Pc_5 = k'' L_5 1' Pc_5 1' R_5; 
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Pc_6 = sym(zeros(64,64)); 
Pc_6(1,l) = z; 
Pc_6(1,end) = (1-z); 
Pc_6(end,l) = (1-r); 
Pc_6(end,end) = r; 
Pc_6(2:end-l,l) = 0.5; 
Pc_6(2:end-l,end) = 0.5; 
Pc_6 k'' L_6 1' Pc_61' R_6; 

Pc_? sym(zeros(128,128)); 
Pc_?(l,l) = z; 
Pc_?(l,end) = (1-z); 
Pc_?(end,l) = (1-r); 
Pc_?(end,end) = r; 
Pc_7(2:end-l,l) = 0.5; 
Pc_7(2:end-l,end) = 0.5; 
Pc_? = k'' L_7 1' Pc_7 1' R_7; 

case 2 %negative coupling 
n = size(Pi_2); 
Pc2 = sym(zeros(n(l),n(2))); 
Pc_2 = k'' L_2 1' Pc2 1' R_2; 
Pc_2(1:2,l:2) = v; 
Pc_2 (3: end, 1) 
Pc_2 (3: end, 2) 0·

' 

n = size(Pi_3); 
Pc3 = sym(zeros(n(l),n(2))); 
Pc_3 = k'' L_3 1' Pc3 1' R_3; 
Pc_3(1:2,l:2) = v; 
Pc_3 (3: end, 1) 0·

' 
Pc_3(3: end, 2) 0·

' 

n = size(Pi_4); 
Pc4=sym(zeros(n(l),n(2))); 
Pc_4 = k'' L_4 1' Pc4 1' R_4; 
Pc_4(1:2,l:2) = v; 
Pc_ 4 (3: end, 1) 
Pc_4(3:end,2) 0·

' 

n = size(Pi_5); 
Pc5=sym(zeros(n(l),n(2))); 
Pc_5 = k'' L_5 1' Pc5 1' R_5; 
Pc_5(1:2,l:2) = v; 
Pc_5 (3: end, 1) 
Pc_5 (3: end, 2) 0·

' 

n = size(Pi_6); 
Pc6=sym(zeros(n(l),n(2))); 
Pc_6 = k'' L_6 1' Pc61' R_6; 
Pc_6(1:2,l:2) = v; 
Pc_6 (3: end, 1) 
Pc_6(3:end,2) = 0; 
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n = size(Pi_?); 
Pc7=sym(zeros(n(l),n(2))); 
Pc_? = k'' L_7 1' Pc7 1' R_7; 
Pc_?(l:2,1:2) v; 
Pc_? (3: end, 1) 
Pc_7(3:end,2) O·

' 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%generate final matrices 
A_2 (1-k) 1' L_2 1' Pi_2 1' R_2 + Pc_2; 
A_3 (1-k) 1' L_3 1' Pi_3 1' R_3 + Pc_3; 
A_4 (1-k) 1' L_41' Pi_41' R_4 + Pc_4; 
A_S (1-k) 1' L_5 1' Pi_5 1' R_5 + Pc_S; 
A_6 (1-k) 1' L_61' Pi_6 1' R_6 + Pc_6; 
A_? (1-k) 1' L_7 1' Pi_7 1' R_7 + Pc_?; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%save output 
save( 'A_3.mat' , 'A_3' ); 
save( 'A_4.mat' , 'A_4' ); 
save( 'A_S.mat' , 'A_S' ); 
save( 'A_6.mat' , 'A_6' ); 
save( 'A_?.mat' , 'A_?' ); 

f unction [output]=CoupledHMM(f1 lename, coupl1ng_type) 

fid=fopen(filename); %accepts DWT file from QUB 
states=[]; 

while 1 
tline = fgetl(fid); 
if ~ischar(tline), break , end 
cell data= textscan(tline, '%f %f' ); 
matdata = cell2mat(celldata); 
% match fails for text lines, textscan returns empty cells 
dt = 0.025; romsec 
sample_points = ceil(matdata(:,2) / dt); 
idl_record=zeros(sample_points,l); %preallocate 1 columns 
idl_record(:,l) = matdata(:,l); %all sample points equal to corresponding state 
states= [states; idl_record]; %append matrix to states 

end 

fclose(fid); 
syms z r k ; 

[A_2, A_3, A_4, A_S, A_6, A_?] generatematrix2(coupling_type); 

states= states(:,l)+l; 
%calculate estimated Transition and em1s1on matrices 
[TransitionEst, EmissionEst]=hmmestimate(states,states); %uses Baum-Welch 
%algorithm to estimate transition and emissionmatrices. 
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A_hat = TransitionEst; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

L=size(A_hat,1)-1; % romax # of channels 

F=O; 
if L==2 

for i=l:L 
for j=l:L 

F=F+(A_2(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==3 

for i=l:L 
for j=l:L 

F=F+(A_3(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==4 

for i=l:L 
for j=l:L 

F=F+(A_4(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==5 

for i=l:L 
for j=l:L 

F=F+(A_S(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==6 

for i=l:L 
for j=l:L 

F=F+(A_6(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==7 

for i=l:L 
for j=l:L 

F=F+(A_?(i ,j)-A_hat(i ,j))A2; 
end 

end 
elseif L==8 

for i=l:L 
for j=l:L 

F=F+(A_Eight(i ,j)-A_hat(i ,j))A2; 
end 

end 
end 

F=O. 5''F; 
%initial guess for [kappa,rho,zeta] 
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theta_o=[0.5 0.5 0.5J; 

%caculate the symbolic expression for the gradient 
dFdtheta=[diff(F,k) diff(F,r) diff(F,z)J; 

%initialize parameters gradient descent 
thetaold=theta_o; 
thetanew=[O O OJ; 
precision=0.000005; 
mu=0.001; %scaling factor for the gradient 

loop=l; 
iteration=l; 
while ( (norm(thetaold-thetanew)/norm(thetaold))>precision) 

thetaold=thetanew; 
thetanew=double(thetaold-

mu*subs(dFdtheta,{k,r,z}l ,{thetaold(l,l),thetaold(l,2),thetaold(l,3)})); 
moment=thetanew(l,l)*thetanew(l,2)/thetanew(l,3); 
iteration=iteration+l; 
if iteration >=20000 

loop=loop+l; 
precision=precision*lO; 
iteration=l; 

end 
if loop==4 

break 
end 

end 

%display(iteration); 

%re-caculate if any element of theta is outside [O,lJ 
loop=l; %initialize variable to prevent infinite loops 

%try to get kappa, rho, zeta within [O,lJ 
while ( thetanew(l,1)<0 thetanew (1,1)>1 thetanew(l,2)<0I I I I I I 

thetanew(l,2)>1 I thetanew(l,3)<0 I thetanew(l,3)>1) I ...I I I 

isnan(thetanew(l,l)) isnan(thetanew(l,2)) isnan(thetanew(l,3))I I I I 

precision=precision*l.001; %relax precision for every loop 
mu=mu/1.1; %decrease gradient scaling factor for every loop 
thetaold=theta_o; %re-initialize variables 
thetanew=[O O OJ; 
iteration=l; 
loop=loop+l; %increment loop 
while ( (norm(thetaold-thetanew)/norm(thetaold))>precision) 

thetaold=thetanew; 
thetanew=double(thetaold-

mu*subs(dFdtheta,{k,r,z},{thetaold(l,l),thetaold(l,2),thetaold(l,3)})); 
moment=thetanew(l,l)*thetanew(l,2)/thetanew(l,3); 
iteration=iteration+l; 
if iteration==lOOO 

break 
end 

end 
%only allow max 200 loops 
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if l oop==200 
break 

end 
end 

output.k=thetanew(l,l); 
output.r=thetanew(l,2); 
output.z=thetanew(l,3); 
output.L=L; 
output.moment=thetanew(l,l) *thetanew(l,2) / thetanew(l,3); 
output.mu=mu; 
output.precision=precision; 
output.iteration=iteration; 

end 

8.4 Channel coupling model fits and bootstrap 

function [modell, gofl, model2, gof2,model3, gof3] coupling_distance_fit(data, location, scale) 

%data= [Xl,Yl; X2,Y2; ... xn,Yn]; 
%[modell,gofl,model2,gof2,model3,gof3] coupling_distance_fit(data, 50, 10); 

CDimax = 0.8; 
Po = 0. 33; 
n = 1.8; 

ica = 0.392; %pA 
EI50 0.022; %pA 
ream= 10; 
EC50 = 4.7; %UM 
De= 0.6; 
KBon 0.1; 
Neff = 0. 2; 
Fbound = 0.4; 
r = [0:0.1:200]; 

r<Jtv10DEL 1 -- constant r (r = u) 
opts= fitoptions( 'Method' , 'NonlinearLeastsquares' , 'startpoint' ,[location], 'Normalize' , 
'off' , 'Lower' , [OJ, 'upper' , [max(r)], 'Robust' , 'Bi square' ); 
fl= fittype(@(u,Bt) CDimax. *((Fbound*((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An). / ((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An)+EC50An)))+((l
Fbound) *(((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / u*exp(-le-
3*u. / sqrt(Dc/ KBon. / Bt))) *Po). An). / (((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / u*exp(-le-
3'' u. / sqrt(Dc/ KBon. / Bt))) '' Po). An)+EC50An)))), 'independent' , { 'Bt' }, 'coefficients' , 
{ 'u' }, 'options' ,opts); 
[modell,gofl] = fit(data(: ,1), data(: ,2), fl); 
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roMODEL 2 -- skew-normal r 
a= - 3; 
gaussian = @(x) (1/ (2*pi)) *exp((-(x). A2) / 2); 
skewedgaussian = @(r,u,s,a)(2/ s) *gaussian(((r-u) / s) ). *normcdf(a*((r-u) /s) ); 
%E=(sum(r. *skewedgaussian(r,u,s,a)). *trapz(r,skewedgaussian(r,u,s,a))); 
opts = fi topti ons ( 'Method' , 'Nonl i nearLeastsquares' , 'startpoint' , [location, seal e] , 'Normalize' , 
'off' , ' Lower' , [O OJ , 'Upper' , [max(r) max(r)], 'Robust' , ' Bi square' ); 
f2 = fittype(@(u,s,Bt) CDimax. *((Fbound*((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An). / ((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3* rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An)+EC50An)))+((l
Fbound) *(((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / (sum(r. *skewedgaussian(r,u,s,a)). *trapz(r,skewedga 
ussian(r,u,s,a))) *exp(-le-
3*(sum(r. *skewedgaussian(r,u,s,a)). *trapz(r,skewedgaussian(r,u,s,a))). / sqrt(Dc/ KBon. / Bt))) *Po). An 
). / (((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / (sum(r. *skewedgaussian(r,u,s,a)). *trapz(r,skewedgaussia 
n(r,u,s,a))) *exp(-le-
3*(sum(r. *skewedgaussian(r,u,s,a)). *trapz(r,skewedgaussian(r,u,s,a))). / sqrt(Dc/ KBon. / Bt))) *Po). An 
)+EC50An)))), 'independent' , { 'Bt' }, 'coefficients' , { 'u' 's' }, 'options' ,opts); 
[model2,gof2] = fit(data(:,l), data(:,2), f2); 

roMODEL 3 -- exponential r 
wgtexp @(x,a,u) ((a+l) / a) *(l/ u) *exp(-(1/ u). *x). *(1-exp(-(1/ u) *a. *x)); 
a= 4; 
opts = fi topti ons ( 'Method' , 'Nonl i nearLeastsquares' , 'startpoint' , [location] , 'Normalize' , 
'off' , 'Lower' , [OJ, 'upper' , [max(r)], 'Robust' , 'Bisquare' ); 
f3 = fittype(@(u,Bt) CDimax. *((Fbound*((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An). / ((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An)+EC50An)))+((l
Fbound) *(((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / (sum(r. *wgtexp(r,a,u)) / sum(wgtexp(r,a,u))) *exp(
le-
3*(sum(r. *wgtexp(r,a,u)) / sum(wgtexp(r,a,u))). / sqrt(Dc/ KBon. / Bt))) *Po). An). / (((Neff*(2*1e9*ica/ (2* 
96485) / 4/ pi / (Dc) / (sum(r. *wgtexp(r,a,u)) / sum(wgtexp(r,a,u))) *exp(-le-
3*(sum(r. *wgtexp(r,a,u)) / sum(wgtexp(r,a,u))). / sqrt(Dc/ KBon. / Bt))) *Po). An)+EC50An)))), 
'independent' , { 'Bt' }, 'coefficients' , { 'u' }, 'options' ,opts); 
[model3,gof3] = fit(data(:,l), data(:,2), f3); 

figure 
subplot (3, 1, 1) 
hold on 
set(gca, 'xscale' , 'log' ) 
plot(modell, 'r-' ,data(:,l), data(:,2), 'k. ' ) 
plot(model2, 'c--' ) 
plot(model3, 'b:' ) 
hold off 
subplot(3,l,2) 
area(r,skewedgaussian(r,model2.u,model2.s,-3)) 

subplot(3,l,3) 
area(r,wgtexp(r,4,model 3.u)) 

end 
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function [coupling_r]=bootstrap_dose_response(dose0, dosel, dose2, dose3, dose4, dose5) 

%dose= [Xl,Yl; X2,Y2; ... xn,Yn]; 

Data_dose0 = dose0(: ,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dose0,1)-l) *rand(samples,length(Data_dose0))); 
for i = 1:length(Data_dose0) 

RandomN = round(l+(size(Data_dose0,1)-l) *rand(samples,length(Data_dose0))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dose0(RandomN(j,i),l); 
end 

end 
bootstrap_dose0_mean = mean(bootstrapN'); 
Data_dosel = dosel(: ,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dosel,1)-l) *rand(samples,length(Data_dosel))); 
for i = 1:length(Data_dosel) 

RandomN = round(l+(size(Data_dosel,1)-l) *rand(samples,length(Data_dosel))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dosel(RandomN(j,i),l); 
end 

end 
bootstrap_doseLmean = mean(bootstrapN'); 
Data_dose2 = dose2(: ,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dose2,l)-l) *rand(samples,length(Data_dose2))); 
for i = 1:length(Data_dose2) 

RandomN = round(l+(size(Data_dose2,l)-l) *rand(samples,length(Data_dose2))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dose2(RandomN(j,i),l); 
end 

end 
bootstrap_dose2_mean = mean(bootstrapN'); 
Data_dose3 = dose3(: ,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dose3,l)-l) *rand(samples,length(Data_dose3))); 
for i = 1:length(Data_dose3) 

RandomN = round(l+(size(Data_dose3,l)-l) *rand(samples,length(Data_dose3))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dose3(RandomN(j,i),l); 
end 

end 
bootstrap_dose3_mean = mean(bootstrapN'); 
Data_dose4 = dose4(:,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dose4,l)-l) *rand(samples,length(Data_dose4))); 
for i = 1:length(Data_dose4) 

RandomN = round(l+(size(Data_dose4,l)-l) *rand(samples,length(Data_dose4))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dose4(RandomN(j,i),l); 
end 

end 
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bootstrap_dose4_mean = mean(bootstrapN'); 
Data_dose5 = dose5(: ,l); 
samples= 1000; 
RandomN = round(l+(size(Data_dose5,l)-l) *rand(samples,length(Data_dose5))); 
for i = 1:length(Data_dose5) 

RandomN = round(l+(size(Data_dose5,l)-l) *rand(samples,length(Data_dose5))); 
for j = 1:samples 

bootstrapN(j,i) = Data_dose5(RandomN(j,i),l); 
end 

end 
bootstrap_dose5_mean = mean(bootstrapN'); 
D=[bootstrap_dose0_mean;bootstrap_dosel_mean;bootstrap_dose2_mean;bootstrap_dose3_mean;bootstrap_ 
dose4_mean;bootstrap_dose5_mean]; 

%call fit for coupling dist. 
coupling_r = []; 
xdata = [0;500;1000;5000;10000;60000]; 
CDimax = 0.8; 
Po = 0. 33; 
n = 1.8; 
i ca = 0.392; %pA 
EI50 0.022; %pA 
ream = 10; 
EC50 = 4.7; %UM 
De = 0.6; 
KBon 0.1; 
Neff = 0.2; 
Fbound = 0.4; 
for ydata = D 

roMODEL 1 -- constant r (r = u) 
opts= fitoptions( 'Method' , 'NonlinearLeastsquares' , 'startpoint' ,[50], 'Normalize' , 

'off' , ' Lower' , [OJ, 'Upper' , [200], 'Robust' , ' Bi square' ); 
fl= fittype(@(u,Bt) CDimax. *((Fbound*((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-

3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An). / ((((2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / rcam*exp(-le-
3*rcam. / sqrt(Dc/ KBon. / Bt))) *Po). An)+EC50An)))+((l
Fbound) *(((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / u*exp(-le-
3*u. / sqrt(Dc/ KBon. / Bt))) *Po). An). / (((Neff*(2*1e9*ica/ (2*96485) / 4/ pi / (Dc) / u*exp(-le-
3'' u. / sqrt(Dc/ KBon. / Bt))) '' Po). An)+EC50An)))), 'independent' , { 'Bt' }, 'coefficients' , 
{ 'u' }, 'options' ,opts); 

[modell,gofl] = fit(xdata, ydata, fl); 
coupling_r = [coupling_r;modell.u]; 

end 

figure 
hold on 
hist(coupling_r,30) 
hold off 
end 
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8.5 Nai've Bayesian Classifier Training 

function [Mdl]=bayesiantrain(data) 
%bayesiantrain.m trains the naive bayes classifier 

%data is a 2 x 3000 matrix of MCT (col 1) and MOT (col 2) with each row 
%corresponding to a simulated 1 sec equilibrium gating for High (1 to 
%1000), Medium (1001 to 2000), and Low (2001 to 3000). 

HH=cell(lOOO,l); 
for i = 1:length(HH) 

HH{i ,l}= 'H' ; 
end 
MM=cell(lOOO,l); 
for i = 1:length(MM) 

MM{i ,l}= 'M' ; 
end 
LL=cell(lOOO,l); 
for i = 1:length(LL) 

LL{i ,l}= 'L' ; 
end 

labels= [LL;MM;HH]; 
modes= data; 
Mdl = fitcnb(modes,labels, 'classNames' ,{ 'L' , 'M' , 'H' }); 
figure 
gscatter(modes(:,l),modes(:,2),labels); 
h = gca; 
cxlim = h.XLim; 
cylim = h.YLim; 
hold on 
Params = cell2mat(Mdl.DistributionParameters); 
Mu= Params(2*(1:3)-l,l:2); 
sigma= zeros(2,2,3); 
for j=l:3 

sigma(:,: ,j) = diag(Params(2'' j, :)) . A2; %diagonal covariance matrix 
xlim = Mu(j,l) + 4*[1 -l] *sqrt(sigma(l,l,j)); 
ylim = Mu(j,2) + 4*[1 -l] *sqrt(sigma(2,2,j)); 
ezcontour(@(xl,x2)mvnpdf([xl,x2],Mu(j,:),sigma(:,:,j)),[xlim ylim]) 

end 
h.XLim = cxlim; 
h.YLim = cylim; 
hold off 
end 
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8.6 Heirarchical Markov Model Simulation 

function [Responses, Fits, t] = runheirarchicalmarkovsim(sweeps, subtype, filter, 
stim_pulse_time, channel_num, channel_amp, simu_time) 
% 

%[Responses, Fits, t] = runheirarchicalmarkovsim(lOO, 1, 2000, .0012, 10, 8, 3); 

dt = 1/ filter; %sec 
Responses = {}; 
Fits = {}; 

%PARAMETERS 
%ExpPDF_modes [10.720 5.488 7.103]; 
%A_modes = [ 0 1.0000 O; ... 

% 0.6346 0 0.3654; ... 
% 0 1.0000 OJ; 

for s = 1:sweeps 
[t, I, flmodel, all_channel_currents,all_channel_gating_chain] = 

heirarchicalMarkovsim(A_modes, ExpPDF_modes, simu_time, dt, stim_pulse_time, channel_num, 
channel_amp, subtype); 

Responses{s} = r; 
Fits{S} = flmodel; 

end 

end 

function [t, I, flmodel, all_channel_currents,all_channel_gating_chain] = 
heirarchicalMarkovsim(A_modes, ExpPDF_modes, simu_time, dt, stim_pulse_time, channel_num, 
channel_amp, subtype) 

%[t, I, flmodel, all_channel_currents,all_channel_gating_chain] heirarchicalMarkovsim(A_modes, 
ExpPDF_modes, 2, .0005, .005, 1, 10, 1); 
romodal transition prob matrix 
N2Ahigh=[41,58,20,115,93,196,914,954,6729,321,1343,247,3,0.5,8,44]; %activation rates from 
Popescu et al. 2004 Nature; desensitization rates from Cummings & Popescu 2015 JGP 
N2Amed=[39,58,19,116,150,173,902,2412,4467,1283,4630,526,3,0.5,8,44]; 
N2Alow=[34,60,17,120,127,161,580,2610,2508,2167,3449,662,3,0.5,8,44]; 
N2Bhigh=[l2,15,6,30,297,115,736,2258,1425,422,1878,833,3,l.5,3,43]; 
N2Bmed=[l2,15,6,30,263,156,549,2166,1749,633,1644,944,2,l,6,32]; 
N2Blow=[l2,15,6,30,110,98,273,2320,1011,927,941,967,3,l.2,4,5]; 

if subtype == 1 
P = [.543 .329 .128]; romode probabilities 
Models= [N2Alow;N2Amed;N2Ahigh]'; 
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elseif subtype== 2 
P = [.541 .362 .097]; romode probabilities 
Models= [N2Blow;N2Bmed;N2Bhigh]'; 

elseif subtype== 3 %2A/2B mixture 
P = [.543 .329 .128 .540 .362 .097]; 
Models= [N2Alow;N2Amed;N2Ahigh;N2Blow;N2Bmed;N2Bhigh]'; 

end 

%precalculate transition prob matrices 
n = O; 

for k= Models 
n = n + 1; 

Glu = 0; 
Q = [-k(l) ''Glu k(2) 0 0 0 0 0 0 0; ... 
k(l) *Glu -k(2)-k(3) *Glu k(4) 0 0 0 0 0 0; 
0 k(3) *Glu -k(4)-k(5)-k(13) k(6) 0 0 0 k(14) 0; 
0 0 k(5) -k(6)-k(15)-k(7) k(S) 0 0 0 k(16); 
0 0 0 k(?) -k(8)-k(9) k(lO) 0 0 0; .. . 
0 0 0 0 k(9) -k(lO)-k(ll) k(12) 0 0; .. . 
0 0 0 0 0 k(ll) -k(12) 0 0; .. . 
0 0 k(13) 0 0 0 0 -k(14) 0; .. . 
0 0 0 k(15) 0 0 0 0 -k(16)]; 

A = expm(Q. ''dt); 
A__models_noGlu{l,n} = A; 

Glu = 1000; 

Q = [-k(l) ''Glu k(2) 0 0 0 0 0 0 0; ... 
k(l) *Glu -k(2)-k(3) *Glu k(4) 0 0 0 0 0 0; 
0 k(3) *Glu -k(4)-k(5)-k(13) k(6) 0 0 0 k(14) 0; 
0 0 k(5) -k(6)-k(15)-k(7) k(S) 0 0 0 k(16); 
0 0 0 k(?) -k(8)-k(9) k(lO) 0 0 0; .. . 
0 0 0 0 k(9) -k(lO)-k(ll) k(12) 0 0; .. . 
0 0 0 0 0 k(ll) -k(12) 0 0; .. . 
0 0 k(13) 0 0 0 0 -k(14) 0; .. . 
0 0 0 k(15) 0 0 0 0 -k(16)]; 

A = expm(Q. ''dt); 
A__models_Glu{l,n} = A; 

end 

x = [1 2 3]; romode index 
s = 0:100000; 
for N = 1:channel_num 

L 
tchain = 0:dt:simu_time; 
unitary_current = normrnd(0,0.2,[l,length(tchain)J); 
i = 1; 
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I mode X(find(rand<cumsum(P),l, 'first' )); %get first mode index 
p = exppdf(s,ExpPDF_modes(l,mode)); 
dwell= randpdf(p,s,[1,1]); %first mode dwell time 
if dwell>= simu_time %if dwell is longer than simulation time, simulate gating for entire 

sim 
dwell= simu_time; 
dwell_t = O:dt:dwell; 
gating_chain = zeros(l,length(dwell_t)); %chain of channel state indices 
starting_value = 1; 
gating_chain(l,l) = starting_value; %start state (glu unbound) 
for tt = 2:length(dwell_t) 

if dwell_t(tt) <= stim_pulse_time 
this_step_distribution = A_models_Glu{l,mode}(: ,gating_chain(tt-1))'; 
cumulative_distribution = cumsum(this_step_distribution); 
r = rand(); 
gating_chain(tt) = find(cumulative_distribution>r,l); %gives state index 

elseif dwell_t(tt) > stim_pulse_time 
this_step_distribution = A_models_noGlu{l,mode}(:,gating_chain(tt-1))'; 
cumulative_distribution = cumsum(this_step_distribution); 
r = rand(); 
gating_chain(tt) = find(cumulative_distribution>r,l); 

end 
end 
kl= find(gating_chain 6); 
k2 = find(gating_chain 7); 
k = [kl,k2]; 
for st= k 

unitary_current(st) = normrnd(channel_amp,l); 
end 
all_channel_gating_chain{l,N} = gating_chain; 
all_channel_currents{l,N} = unitary_current; 

%%%%%when one dwell not sufficient for simulation time 
elseif dwell< simu_time 

t = dwell; %dwell of first mode 
chain= mode; %jump chain of mode indices 
dwell_chain = dwell; 

%simulate gating of first mode 
dwell_t = O:dt:dwell; 
gating_chain = zeros(l,length(dwell_t)); %chain of state indices 
starting_state = 1; 
gating_chain(l,l) = starting_state; %start state (glu unbound) 
for tt = 2:length(dwell_t) 

if dwell_t(tt) <= stim_pulse_time 
this_step_distribution = A_models_Glu{l,mode}(: ,gating_chain(tt-1))'; 
cumulative_distribution = cumsum(this_step_distribution); 

r = rand(); 

236 



gating_chain(tt) = find(cumulative_distribution>r,l); %gives state index 

elseif dwell_t(tt) > stim_pulse_time 
this_step_distribution = A_models_noGlu{l,mode}(:,gating_chain(tt-1))'; 
cumulative_distribution = cumsum(this_step_distribution); 
r = rand(); 
gating_chain(tt) = find(cumulative_distribution>r,l); 

end 
end 

%%%%%%%%%%simulate subsequent modes 
while t < simu_time 

i = i + 1; 

%disp('Multiple modes simulated ... simulating next mode') 
%simulate first modal transitions for sim_time duration x N 

this_step_distribution = A_modes(chain(i-1),:); 
cumulative_distribution = cumsum(this_step_distribution); 
r = rand(); 
mode= find(cumulative_distribution>r,l); %next mode index 
p = exppdf(s,ExpPDF_modes(l,mode)); %exponential pdf of mode dwell time 
dwell= randpdf(p,s,[1,1]); %dwell of next mode 
chain(i) mode; 
time= t + dwell; %add to total simulation time 
if time< simu_time 

dwell_chain(i) dwell; romode dwell 

elseif time>= simu_time 
dwell= simu_time - t; 
dwell_chain(i) = dwell; romode dwell 

end 
%then simulate channel gating for duration of dwell 
%%%NOTE: if first dwell and for time Oto stim time, simulate with 
%%%Glu kinetics. all following times kinetics use no Glu 
dwell_t = [O:dt:dwell]; 
next_gating_index = length(gating_chain) + 1; 
new_gating_chain = zeros(l,length(dwell_t)); 
gating_chain = [gating_chain, new_gating_chain]; 

for tt = next_gating_index:length(gating_chain) 
this_step_distribution = A_models_noGlu{l,mode}(:,gating_chain(tt-1))'; 
cumulative_distribution = cumsum(this_step_distribution); 
r = rand(); 
gating_chain(tt) = find(cumulative_distribution>r,l); 

I end 

L kl find(gating_chain 6); 

k2 find(gating_chain 7); 
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k = [kl,k2]; 
for st = k 

unitary_current(st) normrnd(channel_amp,l); 
end 
t = t + dwell; 

end 
all_channel_gating_chain{l,N} = gating_chain; 
all_channel_currents{l,N} = unitary_current; 

end 
end 

%sum channels together 
t = O:dt:simu_time; 
I=zeros(l,length(t)); 
for N 1:channel_num 

all_channel_currents{l,N}; 
I I+ i; 

end 

t = t'; 
I = I'; 

%restrict data for fitting 
mx = find(I==max(I)); 
t fit t(mx:end); 
I fit= I(mx:end); 

opts = fi topti ons (' Method' , 'Nonl i nearLeastsquares' , 'Maxrter' , 2000, 'Max Fun Evals' , 1000, 
'TolFun' , lOA-9, 'startpoint' ,[trapz(t_fit,I_fit) / 2 0.10 trapz(t_fit,I_fit) / 2 0.10], 'Normalize' , 
'on' , 'Lower' , [O O O OJ, 'upper' , [100 simu_time 100 simu_time], 'Robust' , 'Bisquare' ); 
fl= fittype(@(Al,tl,A2,t2,x) Al*exp(-x/ tl) + A2 *exp(-x/ t2), 'independent' , { 'x' }, 
'coefficients' , { 'Al' 'tl' 'A2' 't2' }, 'options' ,opts); 
[flmodel] = fit(t_fit, I_fit, fl); 

plot(flmodel ,t,I, 'k' ) 
xlim([O simu_time]) 
ylim([-2 max(I)+lO]) 

end 
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9 Appendix Two: Additional Contributions 

This work was published in the Biophysical Journal 

Zheng, W. , Wen, H., Iacobucci, G. , Popescu, G. (2017) Biophys J. "Probing the Structural Dynamics of 

the NMDA Receptor Activation by Coarse-Grained Modeling." Jun 20;112(12):2589-2601. doi: 

l 0.1016/j.bpj.2017.04.043. 
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9.1 Abstract 

N-Methyl-D-aspartate (NMDA) receptors are glutamate-gated cation channels that play essential role in 

brain functions. Although high-resolution structures have been solved for the allosterically inhibited and 

agonist-bound form of intact NMDA receptor, the other key functional states (particularly the active open

channel state) were only resolved structurally at moderate resolutions by cryo-electron microscopy (cryo

EM). To decrypt the mechanism of the NMDA receptor gating, structural modeling is highly desirable to 

provide the missing structural/dynamic information at high resolution. To probe the NMDA receptor gating 

at the amino-acid level of details, we have performed systematic coarse-grained modeling using an elastic 

network model and related modeling/analysis tools (e.g., normal mode analysis, cryo-EM flexible fitting, 

and transition pathway modeling). Our flexible fitting of the active-state cryo-EM map revealed extensive 

conformational changes which allosterically couple the extracellular regulatory and ligand-binding domains 

to the trans-membrane domain (TMD), and were validated with previous mutational studies. Our normal 

mode analysis predicted two key modes of collective motions featuring shearing/twisting of the 

extracellular domains relative to the TMD, revealed distinct flexibility profiles specific to the 

GluNl/GluN2A subunits, and identified hotspot residue sites at key domain-domain interfaces. Finally, we 

modeled the conformational transition pathway from the allosterically inhibited form to the active form of 

the NMDA receptor, and predicted a distinct sequence of domain motions that propagate from the 

extracellular regulatory and ligand-binding domains to the TMD. In sum, our modeling has offered rich 

structural and dynamic information consistent with the literature of NMDA receptor, and will guide future 

mutational and functional studies of this important ion channel. 

9.2 Introduction 

NMDA receptors are a family of glutamate-gated cation channels [15] (including GluNl , GluN2A-D, and 

GluN3A- B) involved in brain development and function, which is related to the other two families of 

glutamate receptors - AMPA (GluAl-4) and kainate (GluKl-5) receptors. Under physiological 
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conditions, most NMDA receptors form heterotetramers composed of two GluNl-GluN2 heterodimers, 

which are activated with channel opening by binding simultaneously to glycine (in GluNl) and glutamate 

(in GluN2) [135,157,558] and relief of magnesium block by membrane depolarization [59,60]. Unlike the 

AMP A/kainate receptors, the NMDA receptors feature very slow kinetics which is essential to the 

physiology of central excitatory synapses [15]. Mutations in NMDA receptors are linked to several 

neurological diseases (such as Alzheimer' s disease, depression, stroke, epilepsy and schizophrenia [ 497]). 

The architecture ofNMDA receptor features three distinct layers of domains (see Fig la-d) - four amino

terminal domains (ATD) forming two heterodimers (AB and CD, see Fig le) at the top, four ligand-binding 

domains (LBD) forming two heterodimers (AD and CB, see Fig lf) in the middle, and a tetrameric 

transmembrane domain (TMD) at the bottom (see Fig lg). Among them, the bi-lobed ATD (including Rl 

and R2 lobe) binds to various allosteric modulators [559] to regulate the channel activities [141 ,209,560] 

(e.g. , activation and deactivation, etc); the bi-lobed LBD (including Dl and D2 lobe) binds to an agonist 

like glutamate/glycine and undergoes a closure of the Dl-D2 cleft to trigger channel opening [214] ; the 

TMD contains four hydrophobic helical segments (Ml to M4) with the channel pore formed mainly by the 

C-terminal part of M3 and the N-terminal part of M4 [25,561]. In 2014, two high-resolution crystal 

structures of an intact heterotetrameric GluNl-GluN2B receptor were solved in complex with agonists and 

allosteric inhibitors (ifenprodil or Ro 25-6981) [ 17,18], capturing an allosterically inhibited state with the 

GluN2B ATD in a closed conformation [17,18,204,205]. However, high-resolution structures are not yet 

available for the resting state or the active state, so the structural mechanism of receptor activation remains 

obscure. Thanks to recent breakthrough in cyro-EM technology, in two recent studies [562,563], intact 

GluNl-GluN2B receptors were visualized by cryo-EM at sub/near-nanometer resolutions both in the active 

state and in complex with antagonists, shedding lights on the structural basis of receptor activation [ 563] 

and antagonist inhibition [562]. However, owning to limited resolutions in the TMD, only the extracellular 

ATD/LBD were modeled for the active-state conformation [563], so it remains unclear how the LBD 

structurally and dynamically couples to the TMD upon activation. 
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Molecular Dynamics (MD) simulation is the method of choice for exploring protein dynamics under 

physiological conditions at atomic resolution [564]. It was previously used to study agonist binding in the 

LBD [533,565] and the gating dynamics of NMDA receptor [230] and other channels[566-570]. Despite 

fast-growing computing power, MD simulation is still highly expensive, especially for large biomolecular 

complexes in explicit solvent. Typical speeds of MD simulation on a single computer node equipped with 

graphics processing unit are g O nanoseconds p er day for a system of 105
- 106 atoms, although much higher 

speeds (e.g. , several microseconds per day) can be reached on a massively parallelized or special-purpose 

supercomputer [571]. Owning to its low speed, MD simulation cannot readily access microseconds -

seconds time scales which are relevant to many conformational transitions in biomolecular complexes 

including the NMDA receptor. 

To overcome the time-scale limit of MD simulation, coarse-grained modeling methods have been 

developed using reduced protein representations (e.g., one bead per amino acid residue) and simplified 

energy functions (e.g., harmonic potential) [572,573]. As a popular coarse-grained model, the elastic 

network model (ENM) is constructed by connecting nearby Ca atoms of amino acids with harmonic springs 

[574-576]. Despite its simplicity, the normal mode analysis (NMA) of ENM can be used to predict a few 

low-frequency modes of collective domain motions, which often capture those conformational changes 

observed between experimentally solved protein structures in different functional states [577]. Numerous 

studies have established ENM as a useful and efficient means to probe structural dynamics of large 

biomolecular complexes (including glutamate receptors [578,579] and other ion channels [580-582]) with 

virtually no limit in timescale or system size (see reviews [583 ,584]). 

In this study, we employed a series of ENM-based modeling/analysis tools to gain detailed insights to the 

structural dynamics of the NMDA receptor gating. Our cryo-EM flexible fitting revealed extensive 

conformational changes which allosterically couple the extracellular ATD/LBD to the TMD leading to the 
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channel opening. Our NMA predicted two key modes of collective motions involving the ATD, the LBD 

and the TMD, revealed distinct flexibility profiles specific to the GluNl/GluN2A subunits, and identified 

hotspot residue sites at key domain-domain interfaces. By modeling the conformational transition pathway 

from the allosterically inhibited state to the active state of the NMDA receptor, we predicted a distinct 

sequence of domain motions that propagate from the ATD to the TMD via the LBD. The rich structural and 

dynamic information obtained by our modeling is consistent with past mutational studies, and will guide 

future experimental studies of the NMDA receptor. Owning to the lack ofrealistic/accurate force field, our 

coarse-grained modeling is expected to only capture the conserved features of structural dynamics in the 

NMDA receptors, but not functional differences in regulation and gating between different subtypes (e.g. , 

GluN2A vs. GluN2B). 

9.3 Methods 

9.3.1 Homology modeling of the GluN1/GluN2A receptor 

The structural models of rat GluNl/GluN2A receptor were built by the SWISS MODEL server [585] using 

the Rattus norvegicus and Xenopus laevis GluNl/GluN2B crystal structures (PDB id: 4PE5 and 4TLM) as 

templates. These two template structures were chosen because they are the only high-resolution structures 

for intact NMDA receptors available from the Protein Data Bank, while other available structures only 

contain truncated ATD/LBD domains of the receptor. The target GluNl and GluN2A sequences of Rattus 

norvegicus were obtained from the UniProt/Swiss-Prot database [586] (access id: P35439 and Q00959). 

Homology modeling is appropriate and accurate because of the high sequence similarity between the target 

sequences and the templates (72% identity between rat GluN2A and rat GluN2B, 70% identity between rat 

GluN2A and Xenopus laevis GluN2B, and 89% identity between rat GluNl and Xenopus laevis GluNl). 

The stereochemistry of the homology models was regularized using a short energy minimization with the 

Gromos 96 force field [585]. The 4PE5-based model was used in this study, which includes chain A (residue 

number 25-829 of GluNl), chain B (residue number 29-839 of GluN2A), chain C (residue number 25-832 
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of GluNl ), and chain D (residue number 31-836 of GluN2A). The quality of this homology model was 

assessed by the following QMEAN scores [585]: 0.69 for chain A, 0.68 for chain B, 0.69 for chain C, and 

0.65 for chain D. The following missing loops were added by the SWISS MODEL server using both 

backbone libraries and de nova loop-building procedures [585]: H53-K57, P95-Fl02, T442-H449, F583-

S604, S617-G622, L657-R663 , and S802-L808 in chain A; V440-G449, R539-F549, S569-T600, N615-

K628, and N802-G8 l 9 in chain B; P95-Fl 02, T442-P444, S549-S553, F583-S604, and S617-G633 in chain 

C; V440-M450, S540-A548, I567-T600, N614-K628, and N802-N805 in chain D. While most added loops 

are relatively short and not expected to significantly alter the global dynamics analyzed by the coarse

grained modeling, two long dangling loops in the TMD (F583-S604 in chain C and I567-T600 in chain D) 

may contribute to unrealistically large local fluctuations and additional hotspot residues (see Table 1). 

Overall, these homology models are adequate for our coarse-grained modeling (see below) which is known 

to be insensitive to small model errors. 

9.3.2 Elastic network model (ENM) and normal mode analysis (NMA) 

In an ENM, the structure of a protein complex is represented as a network of coarse-grained beads 

corresponding to the Co atoms of protein residues. Harmonic springs link all pairs of beads within a cutoff 

distance Re chosen to be 25 A [587]. A large Re ensures good local connectivity of the ENM to avoid an 

unwanted tip effect [588]. 

The ENM potential energy is: 

6.10 (1) 

where N is the number ofbeads, 0(x)is the Heaviside function, d .. is the distance between bead i andj, d 
ij lj ~ 

is the value of d as given by a crystallographic structure. The spring constant k is set to be (4 ; d .. ) 2 for 
y y y ,O 

non-bonded interactions (following refs [587,589]) and 10 for bonded interactions (in arbitrary unit). We 
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6have also tried other ENM schemes (e.g. , k .. oc d ~ ) , and verified that the NMA results are not sensitive to 
lJ y ,O 

the choice of ENM schemes. 

The NMA solves the following eigen equation for a Hessian matrix H which is obtained by calculating 

the second derivatives of ENM potential energy (see ref [580]): 

HV = A V (2)
111 11 1 111 ' 

where ;i,,,, and v,,, represent the eigenvalue and eigenvector of mode m, respectively. After excluding six 

zero modes corresponding to three rotations and three translations, we number non-zero modes starting 

from l in the order of ascending eigenvalue. 

For mode m, we use a perturbation analysis to assess how much the eigenvalue changes (represented as 

5,;i, ) in response to a perturbation at a chosen residue position [590-592] (i.e. , by uniformly weakening the 
m 

springs connected to this position to mimic an Alanine substitution). Then we average 5;L,,, / ;i,,, over the 

lowest M =20 modes to assess the overall dynamic importance of this residue position [ 593]: 

(3) 

To validate ENM-based NMA, we compare each mode (i.e. , modem) with the observed structural change 

x between two superimposed protein structures by calculating the following overlap [594]: 
obs 

I ,,, = x obs · V,,,1 1x obs I, (4) 
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where IJ,,, Ivaries between 0 and 1 with higher value meaning greater similarity. 1 ,~, gives the fractional 

M 

contribution of mode m to x bs . The cumulative squared overlap CM =LI~gives the fractional 
0 

m=l 

contribution of the lowest M =20 modes to x h, [ 594].
0 

To assess the flexibility profile at individual residue positions as described by the lowest M =20 modes, we 

define the following cummulative flexibility (CF) [582,593]: 

CF;, = f(lv:n,nxl2 +IV:n,nl +IV:11,nJ) ' (5) 
m= l 

where v , v , and v are the x , y , and z component of mode m' s eigenvector at residue position n. 
,,, ,nx 111 ,ny 111 ,nz 

9.3.3 Flexible fitting of cryo-EM map 

Previously, we developed a coarse-grained method (EMFF) based on a modified form of ENM to flexibly 

fit a given initial CD-only structure into a target cryo-EM density map (available at 

http ://enm.lobos.nih.gov/emff/start emff.html ). It allows us to model the conformational changes from the 

initial state to the target state at amino-acid level of details [595]. The initial structure was rigidly fitted into 

the target cryo-EM map using the colores command of the SITUS program (http://situs.biomachina.org/ ). 

Then we ran flexible fitting to iteratively generate a series of 10 conformations with increasing root mean 

squared deviation (RMSD) from the initial structure and gradually improving fitting to the given cryo-EM 

map as assessed by the cross correlation coefficient (CCC) with the cryo-EM densities [595]. The flexible 

fitting was terminated upon saturation of CCC. Here we applied EMFF to the active-state cryo-EM map of 

NMDA receptor (EMDB id: 3352), starting from an allosterically inhibited structure of GluNl/GluN2A 

tetramer. 

9.3.4 Coarse-grained transition pathway modeling 

We previously developed an interpolated ENM (iENM) protocol to construct a transition pathway (i.e. , a 

series of Co-only intermediate conformations) between a beginning and an end protein conformation by 
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solving the saddle points of a double-well potential built from these two conformations [ 596]. This protocol 

is available at http://enm.lobos.nih.gov/start ienm.html . Here we applied this method to the conformational 

transition of NMDA receptor from the allosterically inhibited from to the active form (as modelled by 

EMFF, see above). Based on the iENM-predicted transition pathway, we determined the motional order of 

various domains by calculating and comparing the reaction coordinates for these domains ( denoted RCs for 

domain S, for details see ref [597]). RCs varies from Oto l as the transition proceeds from the beginning to 

the end conformation. For two domains Sand S' , if RCs < Res, along the pathway, we infer that the motion 

of S' precedes that ofS. Here we plot RCs - Rea as a function of Rea (i.e. , RC of all residues) to track
11 11 

the evolution ofRCs along the transition pathway. 

9.4 Results and Discussion 

9.4.1 Cryo-EM-based flexible fitting reveals conformational changes toward an active state of 

NMDA receptor 

To determine the structural basis ofNMDA receptor gating, it is critical to resolve the active open-channel 

state with structural details. Despite sub-nanometer resolution (6.8 A), the active-state cryo-EM map only 

allowed modeling of the extracellular ATD/LBD domains via rigid fitting of these domains [563], while 

the TMD and key LBD-TMD linkers were not modeled [563]. To model the complete active-state 

conformation of an intact NMDA receptor at the amino-acid level of details, we used a coarse-grained 

method [595] to flexibly fit the allosterically inhibited structures of rat GluNl/GluN2A receptor into the 

active-state cryo-EM map (EMDB id: 3352). The initial models were built by homology modeling (see 

Methods) based on the X-ray structures ofGluNl/GluN2B receptor (PDB ids: 4PE5 and 4TLM). Compared 

with other cryo-EM-based flexible fitting methods [598,599], our coarse-grained method [595] is more 

efficient and therefore suitable for modeling large protein complexes such as the ryanodine receptor with a 

mass of >2 megadalton [581]. During flexible fitting, we generated a series of CD-only models (see movie 
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Sl) which deviate progressively (with increasing RMSD) from the initial structure with improved fitting to 

the given cryo-EM map while maintaining the global/local structural integrity [595]. After ten rounds of 

iterations, the receptor undergoes large conformational changes (RMSD- 6.5A), which greatly increases the 

cross-correlation coefficient with the active-state cryo-EM map from 0.42 to 0.85 (see movie Sl). Our 

flexible fitting obtained very similar models for 4PE5 and 4TLM, so we will only analyze the flexibly fitted 

model for 4PE5. 
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Figure 1: Architecture ofNMDA GluN1 /GluN2A receptor. (A- D) show different side views with 
the receptor rotated in increment of 45 degrees; E, F, and (G) show the top view of the ATD layer 
(Rl and R2), the LBD layer (Dl and D2), and the partial TMD (M3 , M3 , and associated linkers), 
respectively. The two GluN2A subunits are colored red (chain B) and orange (chain D), while the 
two GluNl subunits are colored blue (chain A) and green (chain C). 
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Our flexible fitting revealed the following extensive conformational changes from the allosterically 

inhibited state to the active state (see Fig 2). 

In the ATD layer (comprised of four Rl/R2 lobes, see Fig 2c), large (small) domain motions were observed 

between (within) the ATD heterodimers as quantified by distance changes between the centroids of 

different Rl/R2 lobes (see below). Between the two heterodimers, the diagonally opposing Rl/R2 lobes 

undergo distinct motions between GluNl and GluN2A- the Rl lobes of GluNl (GluN2A) move apart by 

- l 9A (- 7 A), while the R2 lobes of GluNl (GluN2A) move apart ( closer) by - 7 A (- SA) (see Fig 2c ). In 

each ATD heterodimer, the Rl (R2) lobes move closer by - 2A (- 4A). The intra-dimer closing of R2 lobes 

was also observed in an apo structure of ATD tetramer compared with an ifenprodil-bound ATD dimer 

structure [563]. In each ATD subunit, the Rl-R2 cleft opens with the Rl-R2 distance increasing by - 2A 

in GluN2A but not in GluNl , as was observed in an apo structure ofATD tetramer [563]. The above distinct 

domain motions between GluNl and GluN2A may underscore their different roles in allosterically 

regulating the channel activity [209,600]. 

At the ATD-LBD interface, intra/inter-subunit domain motions were observed between the R2 lobes of 

ATD and the Dl lobes ofLBD (see Fig 2c, 2d). In each GluNl (GluN2A) subunit, R2 and Dl move apart 

by - 3A (- IA). Between adjacent subunits, R2 of GluN2A moves closer to D l of GluNl by - IA, while R2 

of GluNl moves apart from Dl of GluN2A by - SA. These distinct motions may underscore 

GluNl/GluN2A-specific couplings between the ATD layer and the LBD layer, which are thought to be 

central in controlling how agonist binding leads to channel opening [601]. The smaller R2-Dl motions 

involving R2 of GluN2A may suggest tighter ATD-LBD couplings consistent with the key regulatory role 

of GluN2A's ATD [209]. 
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Figure 2: Conformational changes from the allosterically inhibited state to the active state modeled 
by EMFF (illustrated by a vector plot with thin arrows representing movements of individual 
residues). (a) and (b) show two side views with the receptor rotated by 135 degrees. The two insets 
of (a) show detail motions at Site-I, Site-III and the interface between M 4 of GluN2A and M3 of 
GluNl. (c)-(f) show the top view of the ATD layer (Rl and R2), the LBD-Dl layer, the LBD-D2 
layer, and the partial TMD (M3, M3 , and associated linkers), respectively. The two GluN2A 
subunits are colored red (chain B) and orange (chain D), while the two GluNl subunits are colored 
blue (chain A) and green (chain C). Domain motions are labeled by thick arrows. 
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In the LBD layer ( comprised of four D 1/D2 lobes, see Fig 2d, 2e ), distinct domain motions were observed 

between GluNl and GluN2A. The two LBDs of GluN2A rotate in opposite directions (in the side view, see 

Fig 2b) so their D l (D2) lobes move closer (apart) by - SA (- 7 A) (see Fig 2d, 2e). In contrast, the two LBDs 

of GluNl undergo a concerted counterclockwise rotation (in the top view, see Fig 2d, 2e), resulting in only 

- lA (- 2A) separation between the Dl (D2) lobes of GluNl. These GluNl/GluN2A-specific D2 motions 

may lead to asymmetric channel opening in the TMD as observed previously [230]. 

At the LBD-TMD interface, three linkers connect the D2 lobe to the Ml , M3 , and M4 helix. Two of them 

(the LBD-M3 linker in GluN2A and the LBD-M4 linker in GluNl , see Fig 2f) are directed parallel to the 

membrane, possibly causing channel opening by pulling the pore-forming M3/M4 helices outward. Indeed, 

the D2-D2 separation in GluN2A pulls the two LBD-M3 linkers apart, resulting in opening of the upper 

extracellular vestibule near the N-terminus ofM3 by - 2A (see Fig 2f). Meanwhile, the D2 rotation in GluNl 

also pulls the two LBD-M4 linkers apart and may cause M4 of GluNl and its adjacent M3 of GluN2A to 

move outward together (see Fig 2f). Together, these linker motions may contribute to channel opening via 

concerted outward motions ofM3/M4 [561]. 

In sum, our modeling revealed GluNl/GluN2A-specific domain motions that couple the ATD layer, the 

LBD layer, and the TMD via the R2-Dl interfaces and the LBD-M3/M4 linkers. These domain motions 

not only support the current model ofNMDA receptor activation (via the pulling of the LBD-M3 linkers in 

GluN2A, see ref [19]), but also provide new insights to the role of GluNl in activation (via rotation of the 

LBDs and concomitant pulling of the LBD-M4 linkers in GluNl). Due to limited cryo-EM resolution, the 

modeling is uncertain in the TMD regions far away from the LBD-TMD interface (e.g., near the selectivity 

filter and the N-sites [26]). It remains to be seen how the M3/M4 motions couple to changes in the selectivity 

filter that fully open the channel [ 561]. 
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Figure 3: Results of ENM-based NMA: (a) Overlap and cumulative squared overlap with the 
activation conformational changes (see Fig 2) for the lowest 20 modes, with mode 4 and 8 having 
the highest overlap. (b) Cumulative flexibility profile for GluNl (blue curve) an GluN2A (red 
curve) residues, where hotspot residues are located by short dashes (blue for GluNl and red for 
GluN2A), and the residue ranges for various domain are marked by bars colored as follows: Rl 
(light red), R2 (red), Dl (green), D2 (light green), TMD (cyan), and LBD-TMD linkers (gray). (c) . 
Structural view of the hotspot residues [as solid balls colored by chains: A (blue), B (red), C 
(green), and D (orange)] , which are clustered at domain-domain interfaces (Rl-Rl , R2-R2, R2-
Dl , and LBD-TMD, see circled regions), and co-localize with disease mutation sites (as 
transparent balls colored by chains). See Table 1 and 2 for details of the hotspot residues and the 
mutation sites. 
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9.4.2 Validation of modeling in comparison with mutational data 

To validate our modeling of the activation-associated conformational changes in the NMDA receptor, we 

have compared the predicted motions with the mutational literature. 

In a recent study, two class-specific sites at the GluNl/GluN2A interface in the LBD heterodimer were 

probed by mutagenesis and single-channel current analysis [215]. The site I involves contacts between 

Q696NJ and G784N2A, and the site III involves contacts between N693N2A/N697N2A and E781NJ [214]. To 

abolish the site-I interactions, a mutation Q696A was introduced in GluNl , resulting in relatively normal 

gating activity [215]. Consistent with this finding, our modeling indicates both Q696NJ and G784N2A move 

downward with their distance increasing slightly from 8 to 9 A (see Fig 2a inset) upon activation, so this 

pairwise interaction does not form in the active state and its loss will not destabilize the active state and 

compromise gating. To abolish the site-III interactions, two mutations N693A/N697A were introduced in 

GluNA2, resulting in lower open probability [215]. In agreement with this finding, our modeling shows the 

both E781 NJ and N697N2Amove upward with their distance decreasing from 8 to 6 A (see Fig 2a inset), so 

this pairwise interaction forms in the active state and its disruption may destabilize the active state and 

reduce open probability. 

In another study, four pairs of interacting residues were identified at the inter-subunit M3-M4 interfaces to 

regulate gating and alcohol sensitivity - G638NJ/M823N2A, F639NJ/L824N2A, M818NJ/F636N2A, and 

L819NJ/F637N2A [602]. Among them, F637N2A [603] and M823N2A [604] strongly regulate channel gating 

as revealed by mutations at these positions. The mutational data of M823N2A supported hydrophobic 

interactions between M823N2A of M4 and an adjacent region of M3 that may stabilize the channel in the 

closed/desensitized states (but not in the active state) [604]. Our modeling found M823N2A indeed forms 

hydrophobic interactions with V635NJ and F639NJ ofM3 (see Fig 2a inset), but M818NJ/L819NJ ofM4 do 

not contact F636N2A/F637N2AofM3. The distances between M823N2Aand V635NJ/F639NJ increase by l-2A 

upon activation, which results from M823N2A moving downward less than V635NJ/F639NJ (see Fig 2a inset). 
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Therefore, our modeling suggests the above M3-M4 hydrophobic interactions may specifically stabilize the 

closed state (not the active state). As a result, mutations that abolish these interactions will reduce ethanol 

inhibition and favor gating as observed in refs [602,604]. 

In sum, the above positive validation against mutational data gave us confidence in the quality of our 

predicted conformational changes, especially in the intra-LBD-dimer interfaces and the LBD-TMD 

interfaces where relatively small motions are predicted. 

9.4.3 NMA predicts key domain motions, flexibility profiles, and hotspot amino-acid sites 

Next, we used the ENM-based NMA (see Methods) to identify key motional modes that may initiate the 

gating transition from the allosterically inhibited state to the active state (as modeled above). Based on the 

allosterically inhibited structure of rat GluNl/GluN2A receptor (modeled from 4PE5), we constructed a 

Co-only ENM by linking all pairs ofresidues within a cutoff distance with harmonic springs (see Methods). 

Then we performed NMA to obtain a spectrum of total 9690 modes, and focused on the lowest 20 modes, 

each describing a specific pattern of collective motions involving the ATD/LBD/TMD domains of the 

NMDA receptor. 

For validation of the lowest 20 modes, we assessed how well they collectively capture the observed 

conformational changes from the allosterically inhibited structure to the active-state structural model (see 

Fig 2). We calculated the overlap between each mode and the observed conformational changes and the 

cumulative squared overlap of the lowest 20 modes (see Methods). Encouragingly, - 62% of the above 

conformational changes are captured by the lowest 20 modes, with mode 4 and 8 contributing the most 

(overlap - 0.4, see Fig 3a). Mode 4 features an opening/shearing motion between the two ATD 

heterodimers, resulting in larger separation between the ATDs of GluN2A than between the ATDs of 

GluNl , along with a counterclockwise rotation of the LBDs and a clockwise rotation of the TMD (see Fig 
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4a-4d). Mode 8 describes a different mode of opening/shearing motion between the two ATD heterodimers, 

resulting in larger separation between the ATDs of GluNl than between the ATDs of GluN2A, 

accompanied by a counterclockwise rotation of the LBDs and a clockwise rotation of the TMD (see Fig 4e-

4h). Taken together, these two modes partially capture the observed opening of ATD heterodimers and the 

counterclockwise rotation of LBDs in GluNl upon activation (see Fig 2a, 2c, 2d, and 2e). However, the 

other domain motions relevant to activation (e.g., the closing/opening ofDl/D2 in GluN2A and the outward 

motion of the LBD-M3 linkers in GluN2A, see Fig 2d, 2e, and 2f) were not captured, implying that these 

gating motions are not favored by the allosterically inhibited structure and may occur later during the gating 

transition (see below). 

To further analyze the domain-wise flexibility in the NMDA receptor, we used the lowest 20 modes to 

calculate the cumulative flexibility (CF, see Methods) at individual residue positions in the allosterically 

inhibited structure (see Fig 3b). High (low) CF corresponds to high (low) flexibility. The GluNl and 

GluN2A subunits exhibit different flexibility profiles owning to their distinct structures. In the ATD layer, 

GluNl (GluN2A) exhibits higher CF in the R2 (Rl) lobe (see Fig 3b), which is consistent with the structure 

of ATD tetramer featuring larger R2-R2 (Rl-Rl) separation in GluNl (GluN2A) (see Fig 2c). The distinct 

CF profiles in ATD between GluNl and GluN2A may underlie their different roles in allosterically 

regulating the channel activity [209,600]. In the LBD layer, GluNl (GluN2A) exhibits higher CF in Dl 

(D2) (see Fig 3b), which is consistent with the structure of LBD tetramer with larger D1-Dl (D2-D2) 

separation in GluNl (GluN2A) (see Fig 2d, 2e). GluNl and GluN2A show similar CF profiles in the TMD 

(with pronounced peaks near the C-terminal loop of Ml and the C-terminus of M4, see Fig 3b ), which is 

consistent with the symmetric tetramer structure of the TMD (see Fig 2f). Since the R2 and D 1 lobes are 

directly involved in the ATD-LBD coupling, the finding that GluN2A exhibits lower CF than GluNl in 

R2/Dl implies stronger ATD-LBD coupling mediated by GluN2A than by GluNl. The three LBD-TMD 

linkers are all located near CF minima (see Fig 3b ), supporting their dynamical roles as key hinges of inter-
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domain motions. In sum, our CF analysis revealed distinctive flexibility profiles in GluNl and GluN2A 

consistent with their different structures and functional roles. 

Next, we used an ENM-based perturbation analysis (see Methods) to identify a small set ofhotspot residues 

that control the functional domain motions described by the lowest 20 modes (see Fig 3b, 3c and Table 1). 

To this end, we calculated for each residue position an average score ( 0 ;i, ; ;i,) that assesses the overall 

importance of this residue position to the energetics of the lowest 20 modes (see Methods). We selected top 

5% hotspot residue positions as ranked by ( 0 ;i, ; ;i,) . 

In GluNl , hotspot residues are distributed in the Rl/R2 lobes ofATD, the Dl/D2 lobes ofLBD, the TMD, 

and the LBD-Ml/M4 linkers (see Fig 3b). In GluN2A, hotspot residues are mainly in the R2 lobe of ATD, 

the R2-Dl linkers, the TMD, and the LBD-Ml/M3/M4 linkers (see Fig 3b). Most of the hotspot residues 

are clustered at domain-domain interfaces (e.g., intra-subunit Rl-R2 and R2-Dl interfaces, inter-subunit 

Rl N1 -RlN1, R2N2A-R2N2A, R2N1 -DlN2A and R2N2A-Dl N1 interfaces, LBD-TMD interfaces, as circled in Fig 

3c), hinting for their key roles in allosteric couplings between ATD, LBD and TMD. Indeed, some of them 

co-localize (within l0A) with disease mutation sites in the R2 lobe ofATD, the D2 lobe ofLBD, the LBD

Ml/M3/M4 linkers, and the M2/M3/M4 segments of TMD (see Table 2), supporting the functional 

importance of the above hotspot residues. Therefore, by perturbing interactions involving these key sites, 

disease mutations can alter the energetics of the functional conformational changes and thereby the channel 

gating properties. Future mutational studies will be needed to validate the functional significance of these 

hotspot sites. 
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Figure 4: Conformational changes described by mode 4 (a, b, c, and d) and 8 (e, f, g, and h) 
(illustrated by a vector plot with thin arrows representing movements of individual residues). (a) 
and (e) show the same side view as Figure 2a; the remaining panels show the top view of the ATD 
layer, the LBD layer, and the TMD. The two GluN2A subunits are colored red (chain B) and 
orange (chain D), while the two GluNl subunits are colored blue (chain A) and green (chain C). 
Domain rotations are labeled by thick arrows. 
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9.4.4 Transition pathway modeling predicts a sequence of domain motions 

Finally, we modeled the gating transition pathway of the GluNl/GluN2A receptor from the allosterically 

inhibited structure (modelled from 4PE5) to the active-state structure (modelled as above). To fully explore 

the gating transition, one must go beyond NMA which is limited to small structural fluctuations in the 

vicinity of the known structures, and sample intermediate conformations far away from the beginning/end 

structures of a transition. To this end, we employed a coarse-grained transition pathway modeling method 

based on the interpolated ENM (iENM[596], see Methods) to predict a trajectory of intermediate 

conformations that connect the beginning structure to the end structure (see Movie S2). This method was 

previously applied to various large protein complexes to delineate a sequence of structural motions 

involving different functional domains during a conformational transition [580,582,597,605-610]. 

By applying a reaction-coordinate (RC) analysis to the predicted gating transition pathway (see Methods), 

we determined the motional order of various domains (with early/late moving domains having high/low 

RC values, see Fig 5). We found RCAm > RCR2-Dl > RCLBn > RCLBD-M3linker, which implies the following 

motional order: the intra-dimer motion of ATD ➔ the intra/inter-subunit R2-Dl motions involving the R2 

lobe of Glu-N2A ➔ the inter-dimer motion of LBD ➔ the outward motion of the LBD-M3 linkers in 

GluN2A. This order is consistent with the proposed allosteric couplings transmitting between the ATD 

layer, the LBD layer, and the TMD via the key R2-D 1 interfaces and the LBD-M3 linkers. The early motion 

in ATD is required to release the inhibition, enabling subsequent motions in LBD to trigger gating via the 

LBD-M3 linkers. We also analyzed RC for the inter-dimer motion of ATD and the R2-Dl motions 

involving the R2 lobe of GluNl , and found much lower RC for these motions (data not shown), suggesting 

that these motions are not relevant to the inhibition release and the ATD-LBD coupling required for gating. 
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Figure 5: Reaction Coordinate (RC) analysis oftransition pathway from the allosterically inhibited 
state to the active state. RCs measures the motional progress for domain S colored as follows: ATD 
(red), LBD (green), R2-Dl in GluN2A (cyan), R2-Dl between GluN2A and GluNl (magenta), 
LBD-M3 linker in GluN2A (blue). RCs measures the motional progress for the whole receptor. 
RC=O (1) at the beginning (1) of the transition. The inferred motional order for the above domains 
is shown. 
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In sum, our transition pathway modeling predicted a distinct sequence of domain motions that propagate 

from the ATD toward the TMD via the R2-Dl interfaces, the LBD, and the LBD-M3 linkers, which is 

consistent with the distinct functional roles of these domains in modulating, triggering, and directly 

causing channel opening. 
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10 Appendix Three: Additional Contributions 

This work was published in Current Opinion of Physiology 

Iacobucci GJ, Popescu GK. (2018) Curr Op Physiol. "Kinetic Models for Activation and Modulation of 

NMDA Receptor Subtypes." 2:114-122. 
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10.1 Abstract 

NMDA receptors are a diverse family of excitatory channels with critical roles in central synaptic 

transmission, development, and plasticity. Controlled expression of seven subunits and their combinatorial 

assembly into tetrameric receptors produces molecularly distinct receptor subtypes. Despite relatively 

similar atomic structures, each subtype has input-output functions with unique biophysical and 

pharmacologic profiles. Here, we briefly summarize recent advances in understanding how gating and 

allosteric modulation are similar or distinct for NMDA receptor isoforms and identify open questions that 

will focus research in this area going forward. 

10.2 Introduction 

NMDA receptors mediate fundamental processes in the central nervous system (CNS). For this reason, they 

have garnered substantial attention since their discovery over 50 years ago. Notwithstanding significant 

progress in understanding their direct participation in health and disease, much remains unknown. In this 

review, we briefly summarize recent advances in delineating subtype-specific similarities and differences 

in the activation and modulatory mechanisms ofNMDA receptors. 

NMDA receptors belong to the ionotropic glutamate receptor (iGluR) family [611]. In this family, 18 

separate genes encode subunits that segregate by homology into four functionally distinct classes: GluA (1-

4) form AMPA receptors, GluK (1-5) form Kainate receptors, GluN (1 , 2A-D, 3A-B) form NMDA 

receptors, and GluD (1-2) form delta receptors. Most, although not all, iGluRs function as glutamate-gated 

ion channels and mediate the bulk of excitatory neurotransmission in the mammalian central nervous 

system (CNS). Family members share transmembrane topology, modular tertiary architecture, and similar 

three-dimensional shapes [612,613]. 

Despite substantial structural similarity among iGluRs, NMDA receptors have a number of distinctive 

functional features , which relate directly to the receptor's unique physiological roles (reviewed in [192]). 

First, NMDA receptors have characteristically large conductance, high Ca2+permeability, and slow kinetics, 
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which ensure substantial cationic influx, especially Ca2+ [614]. Second, due to their voltage-dependent 

block by physiological levels ofMg2 
+, membrane voltage affects the magnitude of their currents, which are 

largest when both the pre- and post-synaptic cells are concurrently active [60]. Third, NMDA receptor 

currents are sensitive to a large variety of endogenous and synthetic modulators, which expand the range 

of receptor behaviors and represent an important means for rapid, temporally, and regionally regulated 

control [615]. Because in most cases cells of the CNS co-express several iGluR subunits, these unique 

biophysical and pharmacologic features help to separate experimentally the current mediated specifically 

by NMDA receptors from the AMP A and kainate receptor components of the glutamate-elicited response. 

However, even these features that distinguish NMDA receptors from other family members vary 

considerably across CNS regions and developmental stage, and with experience. In part, this functional 

heterogeneity reflects the expression of molecularly distinct NMDA receptor subtypes [616,617]. 

NMDA receptors assemble from seven gene products, GluNl , GluN2A-D, and GluN3A-B, each having 

distinct temporal and cell-specific expression patterns [617]. Unlike other iGluRs, NMDA receptors are 

obligate heterotetramers, and functional receptors must contain GluNl and GluN2 and/or GluN3 subunits. 

The exact molecular composition of native NMDA receptors is still largely undetermined, mostly because 

several of the seven subunits co-localize and presently, experimental approaches cannot distinguish 

unambiguously individual receptor types in mixtures. Therefore, it remains uncertain how NMDA receptor 

subtypes combine to form working receptors [ 616]. Functional characterization of recombinant receptors 

with defined molecular composition combined with in situ pharmacologic and genetic approaches support 

the view that NMDA receptors assemble as dimers of heterodimers [618,619]. As such they can be 

diheteromers, if they contain only two types of subunits, i. e. two GluNl and the same two of GluN2 or 

GluN3 subunits; or they can be triheteromers, if they contain three types of subunits, i. e. two GluNl and 

two different GluN2(A-D) and/or GluN3(A-B). To determine the molecular identity of NMDA receptors 

in neurons and glial cells, and to understand how each receptor subtype contributes to CNS physiology and 
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pathology, it is necessary to delineate how NMDA receptor subtypes are similar and different functionally 

and structurally. 

10.2.1 Activation of NMDA receptor subtypes 

The most important known function of NMDA receptors is their ability to flux Na+ and Ca2+ across the 

plasma membrane, which produces simultaneously cellular depolarization and intracellular Ca2+ elevation. 

In tum, these effects change in real time the cell's excitability and its intracellular signaling cascades. With 

this view, the information conveyed by NMDA receptor activations correlates directly with the time

dependent amplitude of the ensemble current and its ionic composition. The first depends on the receptor' s 

activation mechanism and the second on the receptor ' s ionic permeability (reviewed by Wollmuth in this 

issue and in [620]). Here, we briefly summarize recent advances in understanding commonalities and 

differences in the activation and modulatory mechanisms ofNMDA receptor subtypes. 

At the simplest level, the activation of all iGluRs consists of two steps: glutamate binding and channel 

opening. The activation process begins when glutamate binds to resting receptors, which are impermeable 

or closed (C), and continues with an avalanche of structural changes that culminates with active receptors, 

which are permeable or open (0). Importantly, the conformational changes that gate the channel also 

prevent glutamate dissociation and, therefore, receptor deactivation necessarily consists of the reverse 

sequence: channel closing followed by glutamate dissociation. 

Electrophysiological recordings largely agree with this bare-bone model and illustrate that when applying 

glutamate briefly (milliseconds) onto a cell expressing glutamatergic receptors the current trace rises to a 

peak amplitude as predicted by binding and opening rates and then decays as predicted by closing and 

dissociation rates. Research over many years has added the necessary detail to explain additional features 

of the observed current. For example, glutamate applications elicit currents from NMDA receptors only 

when glycine is also present. In addition, when glutamate exposure is longer than milliseconds, after 

reaching an initial peak amplitude the current declines to a lower steady state level, illustrative of 

desensitization. These and many other observations indicate that NMDA receptors activate along a more 
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complex sequence of events. Recently developed multi-step reaction mechanisms explain comprehensively 

receptor behaviors over several time domains, recording resolutions, stimulation patterns, and modulatory 

influences. 

10.2.1.1 Diheteromeric GluNl/GluN2 Receptors Activate with Similar Mechanisms but Distinct Rates 

To date, comprehensive NMDA receptor reaction mechanisms have been developed and tested only for 

diheteromeric GluNl/GluN2 receptors. This is because the modeling process requires high quality single

channel recordings, which remain elusive for diheteromeric GluNl/GluN3 receptors and even more so for 

triheteromeric receptors. Generally, the activation sequence of diheteromeric GluNl/GluN2 receptors 

includes binding steps (two for glutamate and two for glycine), gating steps (C3-C2-C,-O,-O2), and 

desensitizing steps (D, and D2) (Figure 1). In addition, all four GluNl/GluN2 receptors display modal 

behavior (reviewed in [531 ]). 

More specifically, the activation reaction ofNMDA receptors starts with two sequential glutamate binding 

reactions to resting (glycine-bound) receptors, which lead into a fully liganded closed state (C3) to initiate 

gating. The ensuing gating reaction consists of sequential steps (3C2O) (Figure lA). The first, C3-C2, traps 

glutamate and permits glycine dissociation/reassociation; the second, C2-C1, traps glycine and permits 

channel opening. Last, the channel opens (C,-O) and can cycle between to kinetically distinct open states 

of similar conductance (0,-02). All four diheteromeric GluNl/GluN2 receptors conform to this activation 

model [180,182,190,621]. Isoform-specific differences arise from the distinct values of rate constants for 

glutamate binding and dissociation, and for each of the steps within the gating reaction [192]. This linear 

activation sequence depicts the most rapid pathway by which resting receptors can open (activation) and 

open receptors can deactivate ( deactivation). Recently, single-molecule FRET data have supported this 

linear arrangement of states [ 622] . Its transition rates set the rise and decay timecourse for synaptic NMDA 

receptor currents (Figure 1B) and the decay timecourse of the excitatory post synaptic current (EPSC). 
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Figure 1: NMDA receptor isoforms activate with similar steps but distinct transition rates, which dictate 
characteristic functional output. (A) Kinetic models derived from stationary single-channel recordings of 
GluNl-l a/GluN2A (left) and GluNl-la/GluN2B receptors (right). After binding glutamate (Glu) and 
glycine (Gly), both receptor types cycle along five closed states, C1_3 and D1-2, and two open states, 01-2 

1(3C2O2D). Rate constants are in s- . Agonist binding steps reflect mechanisms determined by separate 
experiments holding one ligand constant ( dashed) while varying the concentration of the other ligand 
(solid). (B) Synaptic-like response to 1-ms pulse of glutamate (Glu, 1 mM; orange) in the continued 
presence of glycine (Gly, 0.1 mM; blue), simulated with the kinetic models in (A) as deterministic time
dependency of open state occupancies of several channels (thick line), or stochastic one-channel openings 
to sequential stimuli (thin line). The decay of the macroscopic synaptic-like current corresponds to the 
stochastic distribution of cluster durations, which is influenced in complex ways by Glu dissociation 
kinetics and all gating rate constants. (C) Extrasynaptic-like response predicted by the kinetic models in 
(A) to 5 sec-pulse of Glu (purple) in the continued presence of 0.1 mM glycine (blue). The decay of the 
macroscopic response to sustained agonist (desensitization, tauo) corresponds to the time-dependent 
increase in the frequency oflong, closed durations (arrows), which reflect the increased occupancy of states 
D1 andD2. 
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Two additional types of functional changes can occur, which take receptors away from this linear 

activation/deactivation sequence. The first allows receptors to transition into desensitized states, defined as 

off-path agonist-bound closed states; and the second takes receptors into a distinct gating mode, defined as 

an activation sequence with similar topology but altered kinetics [531]. GluNl/Glu2A and GluNl/GluN2B 

receptors can access two kinetically distinct desensitized states: D1 from C3 (C3-D1) and D2 from C2 (C2-

D2) [182,621]. Models developed for GluNl/GluN2C receptors imply that for these receptor subtypes both 

desensitized states occur from C3 (C3-D1 and C3-D2), whereas models for heteromeric GluNl/GluN2D 

receptors lack desensitized states [100,172,180,190]. Transitions into and from desensitized states control 

the shape of the macroscopic response to prolonged agonist exposure and the steady-state current level 

[623] (Figure lC), and may influence critically the physiological responses of extrasynaptic receptors 

[ 192]. 

For the NMDA receptors investigated thus far, up to three distinct kinetic modes were identified. In kinetic 

schemes, modes are represented as parallel gating sequences, each with the same 3C2O2D arrangement, 

but with distinct rate constants, and receptors can transition stochastically between modes [147]. The rates 

with which receptors switch gating mode are slower than the activation/deactivation transitions and, thus, 

receptors are unlikely to switch mode during a synaptic event. However, receptors in each mode deactivate 

with a distinct monophasic deactivation time-course, suggesting that the well-known biphasic decay of the 

NMDA receptor synaptic current and the EPSC decay reflect the kinetic heterogeneity of synaptic NMDA 

receptors at the time of stimulation [ 191]. Not much is known of what causes modes or whether they are or 

can be controlled physiologically or experimentally. It is important to keep in mind that due to technical 

challenges in identifying and quantifying modes, the majority of investigators describe one-channel records 

with only one arm of the tiered model, and, therefore, report average values for transition rates, which in 

tum predict an average monophasic decay for the population response (Figure lA). 

The GluNl/GluN2D receptor is to date the only isoform reported for which differential splicing of the 

GluNl subunit affects gating kinetics [100] and modal gating [190], but the model lacks transitions. 
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GluNl/GluN2D receptors participate m synaptic transmission and control cellular excitability in 

hippocampal inhibitory intemeurons [624]. Therefore, it will be important to develop a kinetic model that 

can describe the entirety of single-channel behaviors for this receptor subtype as well. 

Among neurotransmitter-gated channels, NMDA receptors are unique in their functional requirement for 

glycine, a property arising from their structural requirement for the glycine-binding GluNl subunits. The 

observation that macroscopic NMDA receptor currents desensitize faster and deeper when glycine is 

present in sub-saturating concentrations was referred to in the literature as "glycine-dependent 

desensitization", and was thought to reflect negative cooperativity between the affinities of glutamate and 

glycine binding sites [155]. Recently, precise modeling of the glycine binding and dissociation reactions 

onto the kinetic model of GluNl/GluN2A receptors placed the glutamate and glycine binding reactions on 

separate kinetic steps within the activation sequence, namely on C3 and C2, respectively (Figure lA). This 

expanded kinetic model predicted accurately all known glycine dependent current behaviors, without the 

need to postulate agonist-dependent changes in microscopic binding, dissociation, or desensitization rate 

constants [184]. Although the experimental data refer to GluNl/GluN2A receptors, given the overall 

conservation in activation mechanisms across GluNl/GluN2 subtypes, it is likely that for other receptor 

subtypes the conformations that most avidly bind glutamate and glycine are kinetically and structurally 

distinct. 

10.2.1.2 Triheteromeric receptors 

Historically, the majority of subtype-specific NMDA receptor properties have been derived from studies 

on recombinant diheteromeric receptors, and validated on synaptic currents recorded in the presence of 

GluN2-selective modulators. However, more recent studies suggest that triheteromeric 

GluNl/GluN2A/GluN2B receptors dominate at many adult synapses ([625] and reviewed by Paoletti in this 

volume). It had been assumed that triheteromeric channels exhibit properties intermediate to 

GluNl/GluN2A and GluNl/GluN2B diheteromers. Yet, with new methodology that allowed the expression 

of pure populations ofrecombinant triheteromeric GluNl/GluN2A/GluN2B receptors, it is evident that the 
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GluN2A subunit had a stronger impact on the current deactivation kinetics and its sensitivity to allosteric 

inhibitors [24]. A dominant role for the GluN2A subunit was also supported by experiments with 

constitutively active GluN2A or GluN2B subunits [217] and by structural evidence ofasymmetric allosteric 

interactions between the GluN2A and GluN2B subunits [216]. Therefore, it is likely that triheteromeric 

GluNl/GluN2A/GluN2B receptors gate with kinetic schemes similar in sequence to those of diheteromeric 

GluNl/GluN2 receptors, but with rate constants closer in value to those ofGluNl/GluN2A receptors. Given 

their widespread expression, it will be important to develop quantitative reaction mechanisms for 

triheteromeric receptors, a task not yet attempted. 

10.2.1.3 GluNl/GluN3 Receptors as Excitatory Glycinergic Receptors 

Among, the iGluR family, GluNl and GluN3 subunits are unique in that their agonist-binding site is specific 

to glycine (and D-serine). Therefore, diheteromeric GluNl/GluN3 channels are glycinergic and insensitive 

to glutamate or other GluN2-specific ligands. No kinetic model is yet available for GluNl/GluN3 receptors, 

although they play important roles in synaptogenesis and neurodegeneration [626,627]. Results reported to 

date indicate that their macroscopic behaviors and mechanisms are distinct in many aspects from their 

glutamatergic GluNl/GluN2 brethren and are likely more similar to those ofAMPA and Kainate Receptors 

[628]. 

For example, unlike unitary currents recorded from glutamatergic GluNl/GluN2 receptors, those obtained 

from GluNl/GluN3 receptors have multiple conductance levels, a feature resembling AMP A and Kainate 

receptors [628,629]. Similarly, at the macroscopic level, GluNl/GluN3A currents desensitize much faster 

and more deeply than GluNl/GluN2 receptors [630]. Structurally as well, the roles of inter subunit 

interfaces influence function differently. For instance, in contrast to GluNl/GluN2 receptors, the efficacy 

of glycine at GluNl/GluN3 channels depends on allosteric interactions between the amino-terminal 

domains of the GluN3 subunits [631 ]; and an influential proton-binding site resides at the intersubunit 

interface of ligand-binding domains [264]. Lastly, a strong dimer interface within the ligand-binding 

domain appears to increase activity by decreasing desensitization as in AMP A receptors [212], which is in 
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contrast with glutamatergic GluNl/GluN2 receptors, where a flexible dimer interface is required for 

channel activation [211 ,215]. 

Given that astrocyte-released glycine is ambient in the extracellular milieu, it is likely that GluNl/GluN3 

receptors operate in a tonic rather than phasic mode, being permanently glycine-bound and largely 

desensitized. In this scenario, the steady-state current, which has the potential to regulate excitatory tone, 

is controlled by factors that alter receptor desensitization [264]. Reaction schemes and structure-function 

relationships for these receptors, as well as the implications for synaptic physiology and pathology are just 

beginning to be explored mechanistically. 

In summary, kinetic modeling of one-channel current traces has been successful in producing reaction 

mechanisms for the four diheteromeric GluNl/GluN2 receptors. These cover receptor transitions over the 

10-4 
- 102 second range and reproduce faithfully population behaviors peculiar to NMDA receptors, such as 

biphasic deactivation kinetics, glycine-dependent desensitization, and frequency-dependent potentiation. 

Importantly, these models allow for the first time direct measurement of absolute open probabilities for 

individual receptor subtypes and explain the striking differences in their deactivation kinetics. Several 

physiologically important receptor subtypes remain uncharacterized. 

10.2.2 Modifying the NMDA receptor response with modulators and blockers 

Multiple physiological mechanisms regulate the amplitude and timecourse of NMDA receptor responses. 

Controlled expression of specific subunit types is only one of these. On a faster timescale, diffusible small 

molecules that bind reversibly to membrane embedded channels can shape NMDA receptor responses 

(Figure 2a). The effects of these reversible modulators are receptor subtype specific. 
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Figure 2: Mechanism of NMDA receptor activity modulation by diffusible ligands. (A) Structure of 
tetrameric receptors (GluNl , gold; GluN2, teal; PDB 4PE5) with highlighted regions ofmodulator-binding 
sites defined by structural or functional studies. (B) For each modulator, a full reaction mechanism is 
described by the 3C202D sequence of modulator-free receptors as in Figure 1 and an additional 3C202D 
sequence ofmodulator-bound receptors depicted by the pink box, with modulator-dependent rate constants. 
Thick arrows indicate the preferred transition states between the two 3C202D arms for each modulator. 
Proton (H+), ifenprodil (IFN), Ca2+, Zn2+, bupivacaine (BUPI), naphtoic acid (NPA), and pregnanolone 
sulfate (PAS). 
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It has been long observed that experimental conditions, including patch configuration and ionic composition 

of extra and intracellular compartments, especially H+, Ca2+, Zn2+ and Mg2+, influence the NMDA receptor 

macroscopic response and the pattern of single-channel activity. However, the mechanism by which this 

happens has been unclear: do modulator-bound receptors follow the same sequence of gating events in 

response to glutamate binding or do they follow alternate pathways? 

10.2.3 Modulators change gating kinetics not mechanism 

This question was recently answered by leveraging the robust kinetic models developed for GluNl/GluN2 

receptor subtypes for a series of physiologic and synthetic modulators [632], and for several receptors 

carrying mutations both artificially made [633] or naturally occurring in patients [634]. Overall, these new 

reports show that modulator-bound and mutated receptors generally follow the same 3C202D gating 

sequence as modulator-free wild-type receptors but this sequence has altered rate constants; moreover, each 

modulator enters the gating reaction at specific steps and each perturbation, modulator or mutation, 

modifies a different collection of rate constants. 

For example, Zn2+, ifenprodil (IFN), and H+ bind preferentially to closed states, which are accessed early 

during activation (C3, C2) [633 ,635]; whereas Mg2+, Ca2+ and pregnanolone sulfate (PAS) bind 

preferentially to open states (01, 0 2), which are populated late in the activation sequence [621] (Figure 

2B). The observation that overall, modulators with structurally overlapping or vicinal binding sites bind to 

the same kinetic state(s) has led to the exciting speculation that the sequence of kinetic states identified 

functionally may correspond to an ordered series of conformational changes that map vectorially onto the 

receptor's atomic structure, top-down, or from the N-terminal toward the gate-hosting transmembrane 

domain. 

Early evidence from measurements of intramolecular motions in functional receptors subject to allosteric 

inhibition [636,637] and from molecular dynamics simulations ([638] and see below) largely support this 

hypothesis. However, the information necessary to initiate assigning even rough correspondence between 

kinetic states and families of structural conformations is currently insufficient. This area of investigation 
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will benefit from ongoing sustained efforts to resolve atomic structures and kinetic reaction mechanisms 

for additional receptor subtypes, and mutants, with or without bound modulator. 

10.2.3.1 Blockers 

Channel blockers represent a special case of diffusible modulators that bind within the membrane pore and 

obstruct ionic flux. The effect of blockers on NMDA receptor responses can differ widely depending on 

their association/dissociation kinetics, the physical pathway by which they accesses their binding site, and 

whether blocker-bound channels can continue to gate or must wait for the blocker to dissociate before 

closing. These characteristics can be NMDA receptor subtype dependent. Given this complexity, the 

mechanisms by which diverse blockers affect the NMDA receptor activation reaction have been more 

difficult to evince. However, NMDA receptor channel blockers hold enormous therapeutic potential and 

this area will continue to be the focus of intense research. 

In particular, memantine and amantadine are NMDA receptor blockers that are clinically well tolerated and 

have demonstrated therapeutic effects in neurodegenerative disorders [639]. Similarly, ketamine, an 

anesthetic with long clinical history, has recently garnered renewed interest as a rapid and effective 

antidepressant [640]. Kinetic models for the action of these therapeutically important blockers are not yet 

available. 

The effect of bupivacaine, a NMDA receptor blocker widely used as local anesthetic, has been recently 

investigated in depth [307]. In the presence of bupivacaine, NMDA receptor single-channel recordings 

revealed an additional, concentration-sensitive closed state reflective of blocker-bound receptors (Figure 

2B). Consistent with an open channel block mechanism, this additional closed state was most likely 

accessed from open receptor states. In addition, the blocker changed transition rates in the activation 

sequence, indicative of a trapping block mechanism. This kinetic model identifies blocker-sensitive 

transition rates, blocker concentration-dependence of receptor open probability, and stimulus-dependence 

of blocker efficacy. Interestingly, FRET data revealed that the high affinity blocker MK-801 stabilizes 

unliganded and pre-open closed states suggesting that this ligand alters activation kinetics in addition to 
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occluding permeation [622]. Delineating blocker mechanisms with similar detail will be necessary to 

understand why different blockers affect NMDA receptor responses differentially, a vexing unanswered 

question. Moreover, it will be necessary to delineate the subtype-specificity of NMDA receptor channel 

blockers as a mechanism for the distinct clinical effects of blockers. 

10.2.3.2 Mutations 

Similar to diffusible ligands, NMDA receptor mutations change the channel response by altering gating 

rate constants, and, therefore, the thermodynamic stability of kinetics states, rather than the sequence of 

conformational events. Even for mutations known for their drastic effects on permeation, gating effects are 

part of the overall change in response. For example, the single substitution GluN2A N615G located at the 

tip of the selectivity filter eliminates, as expected, voltage-dependent block by drastically reducing the 

binding of divalent cations (Zn2+, Mg2+) in the pore. However, even in the absence of divalent cation 

blockers, this mutation reduces the rate constants governing the activation reaction resulting in decreased 

occupancy of open states, and reduced macroscopic currents, which decay faster [633]. Given that NMDA 

receptor isoforms have gating landscapes that are thermodynamically distinct, it is highly likely that even 

mutations at conserved locations within NMDA receptors, such as this one, will have distinct effects across 

receptor subtypes. Therefore, when mechanistic detail is necessary, as for example when aspiring for 

structure-based drug design, extrapolating functional results from one receptor subtype to another is 

unwarranted. 

10.2.4 Predicting structural correlates of kinetic states 

Ligand-dependent channel activation involves coupling of conformational changes in the ligand-binding 

domain to pore opening. For this reason, the linkers connecting the extracellular ligand binding domains 

with the membrane-embedded helices (Ml-M4) have received intense attention as physical conduits for 

ligand-dependent gating motions. Especially, because the top part of M3 helices form the ligand-sensitive 

gate, the linkers connecting the ligand-binding domain to the M3 helices have been studied in detail. When 

elongating these linkers by inserting glycine residues, the open probabilities of the resulting receptors were 
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smaller, most likely due to reduced tension in these linkers and, therefore, looser coupling between ligand

binding domains and the gate [196]. Similarly, constraining movements of the peripheral M4 helices with 

disulfide bridges also decreased the open probability [ 641] . Close examination of the transition rates within 

the activation reaction affected by these mutations suggested that the activation pathway likely involves 

synchronous movements of extracellular domains and transmembrane helices. Even in advance of atomic 

resolution NMDA receptor structures, mathematical models envisioned gating trajectories that correlate 

with single-channel recordings to reproduce a number of kinetic features of channel function [642]. As 

more atomic-resolution structures become available, using mathematical modeling to predict the 

correspondence between kinetic states and discrete families of receptor conformations is the next frontier 

in understanding structure-function correlations in NMDA receptors. 

To date, only three structural models for tetrameric NMDA receptors have been proposed [ 17,18,216] ; these 

are di- or triheteromeric GluN2B-containing receptors, each revealing a static snapshot of closed receptors. 

A cryo-EM study ofGluNl/GluN2B receptors revealed a diversity of structural configurations adopted by 

channels in the presence of agonist, which included for the first time a portion of active receptor [563]. 

These groundbreaking reports permit for the first time the use of molecular modeling approaches to infer 

structures of the resting, and agonist-bound closed, open, and desensitized states. Further, they represent 

springboards for inferring structures of all NMDA receptor subtypes to begin to identify the subtype

dependent differences that underlie subtype-dependent output and biological functions. 

Of all NMDA receptor subtypes, the activation sequence of GluNl/GluN2A diheteromers is best 

understood to date, yet a structural model for this NMDA receptor subtype is not available. Homology 

modeling based on existing atomic-resolution structures offered a hypothetical arrangement for this subtype 

[ 198]. Further, using as initial and end-states homology models for the ifenprodil-bound closed state and a 

predicted ifenprodil-free open state, respectively, coarse-grained molecular dynamics simulations predicted 

a series of intermediate conformations. Importantly, the trajectory of structural change observed in these 

simulations followed a vectorial sequence starting in the N-terminal domain, continuing with the ligand-
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binding domain, and culminating with progressive movements within the transmembrane domain (Figure 

3). This model is consistent with the pattern of change produced by modulators and blockers in the gating 

sequence. Thus, N-terminal domain ligands (H+, Zn2+, IFN) influence steps that occur early in the activation 

reaction [633,635,643]; whereas open-channel blockers (Mg2 
+, bupivacaine) and modulators binding in or 

close to the transmembrane-domain (PAS) influence steps that occur later [307,621] (Figure 2). Initial 

validation for this model comes from considerable overlap between the location of disease-related 

mutations and functional hot spots predicted by the model. 

The first structural model of triheteromeric GluNl/GluN2A/GluN2B based on cryo-EM data revealed 

subunit-specific interactions relative to the diheteromeric structures [216]. In triheteromers, the GluN2A 

subunit participates in additional interactions with the GluNl subunit, suggesting functional asymmetry for 

the two types of GluN2 subunits. Functional work with the triheteromeric receptor is consistent with a 

dominant role for the GluN2A, relative to the GluN2B, subunit [24,217]. These pioneering studies pave the 

way for better understanding how subunit composition, through distinct intramolecular interactions, 

supports kinetic transitions adapted to fulfill the biological roles of each NMDA receptor subtype. 
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Figure 3: Proposed structural model of NMDA receptor activation. Top, sequence of kinetic transitions 
from IFN-bound closed conformations into IFN-free closed (C) and open (0) states, according to kinetic 
models derived from single-channel electrical measurements. Middle, sequence of structural changes from 
the IFN-bound structure (based on PDB 4PE5) into IFN-free closed and open conformations (based on PDB 
5FXG), as proposed by coarse-grain and transition pathway modeling (Zheng, et al. 2017). Spheres 
represent the alpha carbon of each residue; for each transition, structural motions are mapped onto the 
structure and color-coded according to their relative magnitude. Bottom, intracellular view of the 
transmembrane domain. 
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10.3 Conclusions 

Reaction mechanisms developed for the principal receptor subtypes connect accurately single-channel 

microscopic with macroscopic behaviors over a broad range of observation times and experimental 

conditions. Going forward these models will be increasingly useful in understanding how subtle differences 

in the structure ofNMDA receptor subtypes produce biologically relevant functional differences. They will 

also assist in relating kinetic states with families of structural conformations and in uncovering possible 

signaling roles of electrically silent conformations [75]. Additional efforts in this area will have to expand 

the number of NMDA receptor subtypes for which appropriate models exist and to map the action of 

modulators and blockers onto these kinetic schemes. These quantitative models will help to understand in 

more detail how NMDA receptors contribute to physiological and pathological states and to envision 

rational approaches to modify their activities for therapeutic gain. 
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11 Appendix Four: Additional Contributions 

This work was published in Nature Reviews Neuroscience 

Iacobucci GJ, Popescu GK. (2017) Nat Rev Neurosci . "NMDA receptors: linking physiological output to 

biophysical operation." Marl 7;18(4):236-249. doi: 10.1038/nm.2017.24. 
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11.1 Abstract 

NMDA receptors are preeminent neurotransmitter-gated ion channels that sense and respond to glutamate 

in a manner that integrates multiple cues in the central nervous system. They are members of the tetrameric 

ionotropic glutamate receptor family and are often discussed in this familial context. Despite many 

similarities with their kin, NMDA receptors fulfill unique and critical roles during the normal development 

and function of the central nervous system. These roles are supported by characteristic kinetic attributes of 

the glutamate-evoked output, which in tum reflect the receptor's operation. Here, we review the biologically 

salient features of the NMDA receptor response and their mechanistic origins. A deeper knowledge of the 

distinctive biophysical properties of NMDA receptors, how these arise from structure, and how they 

influence cellular function is necessary to define the physiologic and toxic actions ofglutamate in the central 

nervous system, and will help to craft more effective therapeutic interventions for a variety of neurologic 

and psychiatric afflictions. 

11.2 Introduction 

Glutamate is the main chemical transmitter in the central nervous system (CNS) where it initiates and 

regulates a wide array of physiological events. Ongoing glutamatergic signaling is essential for neuronal 

viability, the normal functioning of the nervous system circuitry, and for many vital behavioral responses 

to environmental challenges and experiences [14]. The ubiquity of glutamate as neurotransmitter in brain 

and spinal cord poses an important processing challenge to neurons: how to derive information that 

regulates widely different molecular events from a single chemical signal? Among the molecular 

transducers that have evolved to sense glutamate transients and to interpret their informational content, the 

ionotropic glutamate receptor (iGluR) family encompasses structurally related glutamate-gated excitatory 

channels that differ in their sensitivities and responses to this ubiquitous chemical signal [15,16]. Regulated 

expression ofreceptor subunits endows neurons with specific complements of iGluR family members that 
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transduce external glutamate transients into distinct cellular signals. How receptors with distinct primary 

structures support biologically diverse signals is unknown. 

Within the iGluR family, NMDA, AMPA, and kainate receptors have largely similar structures [17-22] 

(Fig. lA); yet, from each, glutamate elicits excitatory currents with class-specific kinetic characteristics. 

Most excitatory synapses have a mix of AMP A and NMDA receptors and the excitatory postsynaptic 

current (EPSC) reflects this heterogeneity. Following a synaptic stimulus, AMPA receptor currents rise and 

subside fastest; they determine the onset and maximal amplitude of the EPSC. In contrast, NMDA receptor 

currents rise and decline more slowly; thus, they set the decay of the EPSC and strongly influence the total 

charge passed into the cell (Fig. 1B). Given the overall similar architectures of AMPA and NMDA 

receptors, it is likely that the biologically relevant attributes of their output originate from subtle differences 

in their atomic arrangements. 

Among the most recognizable features of synaptic NMDA receptor currents (NMDAR-EPSC) are their 

slow rise, extended durations, high Ca2+ content, and acute sensitivity to voltage-dependent blockage[l5]. 

However, even these signature traits vary substantially with neuronal type and developmental stage (Fig. 

lC). A major obstacle to understanding how functional variations arise from structure and how they impact 

biology is that the molecular composition ofnative NMDA receptors is yet undefined. Here, we summarize 

current knowledge of the output and operation of molecularly defined NMDA receptors in vitro and how 

these relate to signals produced in situ by synaptic and non-synaptic receptors. 
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Figure 1: Members ofthe iGluR family have similar structures but distinctive output (A). Structural models 
of two iGluR representatives reveal overall similarity between NMDA and AMPA receptor architectures; 
both have large ectodomains composed of N-terminal (NTD) and ligand binding (LBD) domains, and a 
small transmembrane domain (TMD); and cytoplasmic C-terminal domains (CTD), which are least 
homologous and structurally unresolved. (B) Stereotypical map and electrical responses of central 
excitatory synapses. Top, glutamate molecules released from presynaptic vesicles diffuse across the narrow 
synaptic cleft, bind to post-synaptic iGluRs to produce the EPSC, and further bind to extrasynaptic 
glutamate receptors and transporters (EAAT). Bottom left, the typical EPSC has two components, which 
can be separated pharmacologically into AMPA [644] (red) and NMDA [184] (blue) currents, each with 
characteristic time-dependent amplitudes. The NMDA receptor-mediated component is visibly longer; its 
decay kinetics sets the EPSC decay timecourse. Bottom right, simultaneous recording of NMDAR-EPSC 
and corresponding rise in Ca2+ fluorescence in a single synaptic spine [645,646]. (C) NMDA-EPSCs differ 
in maximal amplitude and kinetics across synapse development: hippocampal synapse at PIO vs P30 
(top)[501,64 7]; cellular type: cerebellar vs spinal synapse (middle)[648,649] ; and synaptic state: spinal 
synapse before and after induced neuropathic pain (bottom) [650]. All traces represent simulations with 
values from the cited reports. 
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11.3 Experimental approaches to observe NMDA receptor output 

NMDA receptors are heterotetramers of seven genetically encoded, differentially expressed subunits: 

GluNl , which is processed into eight molecularly distinct splice variants, four GluN2 (A-D), and two 

GluN3 (A-B) [95,103,617,651]. Therefore, the functional differences observed across native preparations 

reflect, at least in part, the distinct composition of their subunit complement, and cell-specific and synapse

specific modulatory factors. But, the exact composition of native receptors is unknown; the expression 

patterns of individual subunits overlap substantially, and subunits can combine in different ways to produce 

a broad diversity of tetrameric receptors [23]. This experimental roadblock has been addressed by 

examining the functional properties of molecularly defined recombinant receptors in heterologous cells. 

These approaches established that functional glutamatergic NMDA receptors contain at least one GluNl 

subunit, which provides a functionally-required glycine-binding site and at least one GluN2 subunit, 

providing the neurotransmitter-binding site. Further, the class-specific signatures of the NMDA receptor 

current (kinetics, Ca2+ content, voltage-dependency of block) are strongly influenced by molecular 

composition [24,138,614,648,652,653]. Therefore, if considering diheteromeric GluNl/GluN2 and 

triheteromeric GluNl/GluN2/GluN3 combinations, known subunits and splice variants can assemble in as 

many as 756 distinct molecular entities. Presently, functional characteristics are known for a small number 

of NMDA receptor subtypes, and the atomic structure of only one (GluNl/GluN2B) (Fig. lA) has been 

reported [ 17,18, 197]. These facts highlight the considerable gap in understanding how distinctive properties 

ofNMDA receptor currents arise, are controlled, and influence cellular responses. Given the many essential 

functions ofNMDA receptors in physiology and neuropathology these barriers must be surmounted. When 

attempting to characterize responses of distinct subunit combinations in vitro, it is instructive to distill from 

the available literature features of the NMDA receptor response most salient for the receptor' s biological 

roles and their relation to receptor structure. 
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Box 1: Recording NMDA receptor synaptic output. (A) NMDA receptor-mediated synaptic currents 
(NMDAR-EPSC) recorded with the whole-cell patch-clamp technique [394] reveal synapse-specific 
kinetics[51 l]. In this method, a polished glass pipette filled with intracellular-like solution (recording 
electrode, right) is pushed onto the somatic membrane of a neuron to form a high-resistance seal. Next, 
light suction or a brief electric shock ruptures the membrane and connects the intracellular milieu with the 
recording electrode solution. This approach can register spontaneous as well as EPSCs evoked with 
electrical stimulation of afferent pathways (stimulating electrode, left). The final observed NMDA receptor 
component can be isolated pharmacologically (grey), represents the summed response across all stimulated 
synapses (Inputs 1 - 4), which can differ in kinetics and amplitude. However, the molecular composition 
ofresponding receptors is unknown, and is currently inferred with pharmacological or genetic approaches. 
(B) Synaptic-like macroscopic or microscopic currents can be elicited from somatic (or recombinant) 
receptors by exposing these to brief (- 1 ms) pulses of glutamate-containing solution ( with glycine present) 
by rapid piezo-driven movement of theta-shaped double-barreled flow pipes[l 72,184,215]. In this method, 
a small cell or excised membrane patch is attached to the recording electrode and then lifted and positioned 
into the glutamate-free stream of the theta tube; next, a piezo-driven actuator moves the perfusion pipette 
rapidly (0.2 µs) back and forth to expose receptors to the glutamate-containing stream. Glutamate 
concentration, the residence time in each stream, and the stimulus frequency can all be controlled 
experimentally thus mimicking synaptic-like exposures while recording time-dependent current 
amplitudes; in addition, this method is amenable to recombinant preparations where receptor identity is also 
controlled. However, patch excision isolates the channel from intracellular factors that may be important in 
gating, and imposes physical deformations onto the cellular cortex. 
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Abundant research indicates that the biological purpose of NMDA receptors is to sense the simultaneous 

presence of glutamate with a variety of other ( chemical, metabolic, and physical) cues, and to respond by 

gating a Ca2+-rich cationic current that integrates and reflects this information [ 654]. Their sensory function 

is accomplished by external epitopes that recognize diffusible ligands such as glutamate, glycine, H+, and 

Zn2 
+, etc. Their ionotropic function is accomplished by the controlled gating of a transmembrane pore that 

allows substantial flow of Na+, K+, and Ca2+. Both binding and gating reactions originate from structures 

specific to each NMDA receptor protein and influence important properties of the current [617]. These 

reactions can be modified by environmental and cellular factors including membrane tension, structural and 

signaling proteins, and enzymatic modifications [655]. To understand how molecular structure and the 

environment control NMDA receptor output, it is necessary to know how the receptive and ionotropic 

functions ofNMDA receptors are coupled. 

Efforts to understand how NMDA receptor currents anse and are modulated were stimulated by the 

observation that the EPSC has a substantial NMDA-responsive constituent controlling the kinetics ofEPSC 

decay [ 656]. The EPSC decay is a strong modulator of synaptic summation and plasticity [ 657], therefore, 

research was immediately focused on examining the time course of the NMDAR-EPSC decay at a variety 

of central synapses (Fig. lC). It was soon appreciated, however, that a large fraction ofNMDA receptors 

are also present at non-synaptic locations where they serve separate cellular functions [489,658,659]. 

Because non-synaptic receptors experience markedly different waveforms of glutamate exposure, 

subcellular location strongly influences the time course of receptor response, the total charge transferred, 

and how modulators affect receptor current and cellular outcome. 

11.3.1 Measuring synaptic NMDA receptor output 

Synaptic receptors experience brief pulses of high glutamate concentrations. Vesicle fusion at presynaptic 

terminals release glutamate and elevate the synaptic cleft glutamate concentrations into the mM range, with 

microsecond timecourse. Dense expression of glutamate transporters on nearby cells, combined with 

passive diffusion of glutamate away from the cleft restore glutamate concentrations to very low resting 
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levels within l ms (Fig. lB) [137]. The timecourse and amplitudes of synaptic glutamate concentrations 

will, therefore, vary with the type of stimulation (number of vesicles released, release frequency) , cleft 

geometry, type and number of glutamate transporters expressed, and other synapse-specific attributes; 

however, it is generally accepted that postsynaptic AMP A and NMDA receptors at synapses experience 

brief periods of exposure to high glutamate concentrations [137]. 

Currents mediated by synaptic NMDA receptors can be isolated pharmacologically and have been recorded 

from interconnected neurons in cultured, tissue slices, and in whole animals (Fig. lB, C; Box 1). Relative 

to the AMP A-gated current, the NMDA-gated currents rise more slowly; they also have substantially longer 

bi-exponential decay which dominates and controls the decay phase of the EPSC (Fig. 2A). The EPSC 

decay time sets the interval over which incoming stimuli summate to influence synaptic transmission, 

plasticity, and computational properties of the dendritic network. Importantly, NMDA receptor kinetics 

also control the high Ca2+ content fluxed by NMDAR-EPSCs. The experimental limitations imposed by the 

anatomy of synapses in recording synaptic-like responses in vitro have been addressed by fast perfusion 

techniques. 

Synaptic-like responses are reproduced outside of synapses by applying exogenous glutamate in pulses of 

controlled duration and concentration (l ms, l mM) onto membrane patches excised from cell bodies 

expressing endogenous or recombinant NMDA receptors (Box lB). The macroscopic currents recorded 

with this approach have decay kinetics similar to those measured for NMDAR-EPSCs. Thus, even if cell

specific factors such as auxiliary proteins that modulate the NMDA receptor response may exist [276,660-

662], they are not necessary to reproduce the natural features of the NMDA receptor synaptic response. 

With this methodology it was established that the kinetics of the synaptic-like current decay is subtype 

dependent and is modulated by endogenous [271] and pharmacologic ligands [54,170,663] and by 

intracellular effectors [218,254,285]. Therefore, the NMDAR-EPSC decay is determined by the receptor 

subtype expressed and on a faster time scale by external diffusible modulators and intracellular signaling. 
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Figure 2: Observable features of the NMDA receptor output. (A) Macroscopic currents elicited with brief 
synaptic-like stimuli (1 ms, 1 mM Glu) are described by their peak amplitude (lpk) and decay kinetics ( •d). 
Decay kinetics are quantified by fitting declining mono-exponential ( •d) or bi-exponential functions ( rr, rs) 
to the declining phase of the current. (B) Macroscopic currents elicited with long nonsynaptic-like stimuli 
(>2 s, 1 mM Glu) are described by peak (lpk) and steady-state (Iss) current amplitudes measured directly 
from the record; desensitization kinetics, determined by fitting declining mono-exponential functions ( rv) 
to the response between lpk and l ss; and desensitization extent, calculated as the ls/lpk ratio. (C) Microscopic 
currents are recorded as downward deflections from a zero current baseline; these records allow the direct 
measuring of current amplitude (i) and duration for each opening (to) and closure (tc); responses elicited 
with brief synaptic-like stimuli (1 ms, 1 mM Glu) also reveal the receptor's latency to the first opening (t,). 
(D) Distributions of open (ta) and closed (tc) durations observed in each record, can yield quantitative 
information about channel output, including the number and lifetime of kinetic components (thin lines). 
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11.3.2 Measuring non-synaptic NMDA receptors output 

In contrast to synaptic NMDA receptors, non-synaptic NMDA receptors experience much shallower and 

prolonged glutamate transients. Thus, instead of producing discrete, rapidly fluctuating signals, they 

generate long-lasting sustained currents. Much less is known about the kinetics and modulatory 

mechanisms of native non-synaptic receptor currents, largely because the origins, levels, and kinetics of 

non-synaptic glutamate transients are poorly defined. Non-synaptic receptor currents can be isolated and 

observed in synaptically connected neurons by first blocking synaptic receptors with a long-acting pore 

blocker (MK-801) (Box 2A). These experiments have demonstrated the unique cellular outcomes of non

synaptic NMDA receptor currents [312,664]. However, this approach lacks the recording resolution 

necessary to register kinetic information about the response. For this reason, non-synaptic NMDA receptor 

behaviors are typically investigated in isolated cells or excised patches exposed to prolonged (>2 s) 

applications of exogenous glutamate. 

In native preparations, extrasynaptic AMP A receptors become fully (>99%) desensitized such that their 

contribution to the observed sustained current is negligible. In contrast, studies with recombinant NMDA 

receptors revealed that NMDA receptor desensitization is incomplete, varies among the recombinant 

NMDA receptor subtypes examined so far, and is controlled by diffusible ligands and cellular factors (Box 

2, Fig. 2B) [172,180,182]. Based on these observations it has been hypothesized that tonic activation of 

non-synaptic NMDA receptors represents the main mechanism of excitation by extrasynaptic glutamate. In 

contrast, it remains unclear to what extent synaptic receptors desensitize during synaptic transmission and 

whether regulated changes in desensitization kinetics modulates the amplitude and decay phase of the 

NMDAR-EPSC in response to a single pulse. Notably, desensitization can serve to attenuating NMDAR

EPSCs in response to trains of synaptic stimuli. 
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Box 2: Recording NMDA receptor non-synaptic output. Non-synaptic receptors are, by definition, distant 
from synaptic release sites; they can be peri-synaptic (surrounding the post synaptic density on the spine 
head), extrasynaptic (on spine necks or dendrite shafts), somatic (on the cell body), or axonal (on 
axons)[617]. Certain populations of non-synaptic receptors are engaged during periods of high-frequency 
firing when the buffering capacity of glutamate transporters is exceeded. Diffusion laws dictate that with 
distance, the nonsynaptic glutamate signal decreases in amplitude and increases in duration relative to the 
synaptic transient [665]. Non-synaptic NMDA receptors have received substantial attention as mediators 
of excitotoxicity [ 489]. (A) The activity of nonsynaptic NMDA receptors has been probed in connected 
neurons (cultures or slices) with chemical or electrical stimuli delivered after synaptic receptors had been 
blocked by light synaptic stimulation in the presence of a long-lasting open channel blocker (MK-801 ). The 
residual NMDA receptor response, observed by stimuli delivered after washing out the blocker (blue), is 
presumed to originate from non-synaptic receptors [666]. Several variables remain uncontrolled making 
this approach not suitable for mechanistic investigations. (B) Left, non-synaptic-like macroscopic responses 
are examined by recording currents from whole cells or excised patches during controlled exposure to 
glutamate (in the presence of glycine or other co-agonists) to elicit a sustained current (1 s - 5 s). These 
methods use solenoid-valves to switch the flow of perfusate within 200 - 400 ms; for receptors with 
desensitization times in the ms-range, this technique affords sufficient temporal resolution to study 
desensitization and resensitization kinetics. However, given minute-long recording times, the electrode 
solution "replaces" the intracellular cytosol which may affect channel activity. Right, non-synaptic-like 
microscopic currents are examined in excised patches (as above) or in intact cell-attached membranes. This 
method offers observations with the highest time resolution for extended durations (up to hours), and can 
be minimally invasive ( cell-attached). However, the switching of external solution is impracticable, and the 
initial phase of current on-set is lost during seal formation; also, mechanical deformations imposed in this 
recording configuration onto the membrane and extracellular matrix may affect channel activity. 
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Whether produced by synaptic or non-synaptic receptors, the excitation experienced by the cell is always 

the summation of microscopic currents gated by individual receptors. The specialized architecture of 

synapses has prevented the direct observation of unitary currents from synaptic receptors; however, both 

synaptic-like and non-synaptic-like unitary currents have been recorded from somatic and recombinant 

NMDA receptors (Box lB, 2B) [56,173 ,667-670]. When observing single-molecule currents in the absence 

ofblockers and allosteric modulators, GluN2A- and GluN2B-containing receptors produce unitary currents 

with relatively large, uniform amplitudes (Fig. 2C) with high signal-to-noise ratios and provide direct, 

accurate, and precise information about the receptor's unitary amplitude over a range of experimental 

conditions [60,667]. Under similar conditions, GluN2C- and GluN2D-containing receptors produce smaller 

amplitudes and subconductance levels [100,180,671-674]. In addition, because these recordings mark the 

real-time opening and closing of the observed channel, durations for channel openings and closures can be 

measured directly from the record. Mining this data (Fig. 2C, D) revealed that unitary NMDA receptor 

currents vary in both amplitude and kinetic patterns across native preparations and specific recombinant 

subtypes [173,667,670,675]. However, until relatively recently, it had been unclear how microscopic 

parameters relate to the characteristic features describing macroscopic responses. 

11.4 Modeling the operation of NMDA receptors 

Early observations that the decay of the NMDA receptor current sets the decay of the EPSC and that these 

are developmentally and regionally regulated prompted neuroscientists to ask what are the hidden molecular 

transformations that produce the observed fluctuations. The activation reaction of each NMDA receptor 

can be imagined as a sequence of step-wise elementary changes in function; still, because the underlying 

transformations cannot be followed directly with the available experimental methods, they must be deduced 

with modeling approaches (Box 3). The goal of kinetic modeling is to delineate the elementary steps that 

produce the observed signal and the timing with which these steps occur. For each transition, mass action 

defines the time-dependent occupancies of the initial and final receptor states and the composition of the 

system at equilibrium; thus, once established by extensive testing against experimental observations, a 
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kinetic mechanism can be tremendously useful in characterizing the transformations responsible for salient 

features of the signal, and can predict new behaviors that are either inaccessible experimentally or have 

escaped detection. A comprehensive kinetic mechanism describing the entire spectrum of native 

conformations is far too complex for practical value. Thus, the most useful models are those that accurately 

represent the underlying mechanism with the minimal level of detail that still accounts for the observed 

signal. 

11.4.1 Modeling macroscopic behaviors with conceptual models 

As with all ligand-gated channels, the NMDA receptor activation reaction must include an agonist-binding 

reaction (Box 3A) and a pore-opening reaction (Box 3B), which are linked (Box 3C). For each elementary 

reaction, relatively simple mathematical relationships define how the postulated states become occupied in 

time. With a mechanism in hand, experiments can be designed to measure system-specific parameters such 

as ligand affinity and response kinetics. However, when linking two such elementary reactions, 

thermodynamic arguments impose considering reaction cycles (Box 3C) and the number ofparameters that 

define the state occupancies in time and the complexity of their mathematical relationships increases 

rapidly, rendering the system opaque to experimental observation [ 154] . In practice, mechanisms of ligand

gated channels are rarely represented with full thermodynamic models; instead, empiric simplifications are 

sought. 

For NMDA receptors a proposed mechanism must account for three critical observations. First, activation 

requires two agonist molecules [155] and agonist affinity impacts the decay kinetics [136] ; second, 

competitive antagonists prevent glutamate-elicited currents if applied prior to the glutamate stimulus, but 

are ineffective if applied after the agonist is removed [136] ; and third, during sustained glutamate exposure, 

NMDA receptor currents decline substantially from an initial peak level (!pk) to a steady-state level (/ss) 

[135]. With these considerations, two glutamate binding steps must precede channel openings; channels 

must close before glutamate can dissociate; and glutamate-bound receptors can desensitize. To account for 

these observation, Lester and Jahr [156] proposed a glutamate activation model where receptors (assumed 
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saturated with glycine) bind sequentially two molecules of glutamate and the resulting doubly-liganded, 

closed receptors (C) can isomerize into either active (0) or desensitized (D) conformations from which 

glutamate cannot dissociate (Fig. 3A, left). By fitting this model to synaptic-like macroscopic responses 

one can estimate rate constants for the binding, gating, and desensitization equilibria [ 156-158]. This model 

has been expanded to incorporate glycine binding/dissociation steps [155,159], and over the past 20 years, 

versions were used to characterize and differentiate native and recombinant NMDA receptors, to identify 

the rate constants sensitive to drugs and mutations, and will continue to be useful for comparison and 

classification purposes [155,156, 160-165]. However, if used to simulate single-channel currents, this 

conceptual model predicts open and closed duration distributions with no obvious relationship with 

experimental observations [141 , 166-172] (Fig. 3B). 

11.4.2 Modeling microscopic behaviors with statistical models 

At the single molecule level, NMDA receptors are relatively easy to detect; in contrast, their opening 

patterns are complex and pose steep modeling challenges. When classified by their lifetimes, each of the 

open and the closed events have multiple kinetic constituents, indicating that the reaction mechanism must 

include several open and closed states [173-176]. To manage this complexity, experimental conditions were 

used to sample only selected portions of the activation mechanism. For example, when stimulated with 

brief synaptic-like pulses, or when equilibrium activity is recorded in very low agonist concentrations, 

receptors cycle primarily among states that directly connect the resting and open states, thus, providing 

clues about the activation/deactivation sequence. Alternatively, when equilibrium activity is recorded in 

very high agonist concentrations, receptors are largely liganded and desensitized events can be separated 

statistically, to focus on the activation/deactivation pathway. 
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Box 3: Modelling the operation of ligand-gated ion channels. (A) The first reaction mechanism proposed 
and tested for a natural process describes a bimolecular binding reaction as a reversible process governed 
by the law of mass action (top). In this system, a simple set of mathematical relations describes the time
dependent and steady-state distribution of molecular species in solution relative to initial concentrations 
and the rate constants for the binding (kon) and dissociation (koJJ) reactions (bottom) . (B) The first reaction 
mechanism proposed for the gating of an ion channel describes the process as a reversible isomerization 
between an inactive (non-conducting) species (AB) and an active (ion-conductive) species (AB*) 
(top)[l53]. In this model, the rate constants for the channel-opening (P) and closing (a) reactions fully 
determine the time-dependent and steady-state occupancies (bottom). (C) Minimal reaction mechanism to 
describe the binding-dependent activation of a protein connects an initial binding step with an isomerization 
step (top). In a fully reversible system, this mechanism must include four reactions, describing ligand 
binding/dissociation to/from the resting and active conformations, and conversely, activation/deactivation 
of the apo and liganded states. The time-dependent and equilibrium occupancy (bottom) ofthe bound active 
conformation AB* is governed by a complex set of equations. The occupancy of any one state depends on 
all eight rate constants and can be determined experimentally only in limiting conditions. For example, the 
shaded coupled reactions (A+B +-+AB+--+ AB*) represent the classic Michaelis-Menten model for enzyme
catalyzed bimolecular reactions, for which mathematical relations have been derived and tested 
successfully. 
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In synaptic-like recordings, data show two principal closed durations, strongly indicating that the 

activation/deactivation pathway must include at least two closed and one open states [177]. In equilibrium 

recordings, where many more events can be captured, data show three closed and two open states, thus, 

expanding the activation/deactivation portion of the mechanism to a minimum of five states [147,178]. The 

order in which these states are accessed is not immediately obvious, and few experimental observations 

serve to limit the many possible arrangements. First, NMDA receptors have relatively long latency to 

opening, thus favoring a mechanism where (at least) two slow transitions through closed states precede 

opening [177]. Second, statistical arguments indicate that the two open states are most likely connected 

[147]. However, these requirements are fulfilled by both cyclic [168,179-181] and linear [147,178] 

arrangements, and cannot be discriminated on statistical grounds. Therefore, the order in which kinetic 

transitions occur and their physical correlates remain to be established. For simplicity, we will use here the 

linear activation sequence. 

This linear model has been expanded to include glutamate-binding steps [178,182,183], thus providing a 

more accurate tool to measure microscopic binding kinetics in separation from gating transitions; and with 

glycine binding steps [ 184]. Last, equilibrium activity recorded with an allosteric modulator that selectively 

stabilized desensitized states provided evidence for two separate desensitization steps, which are most likely 

accessed from separate pre-open states [ 185]. Even when ignoring glycine binding, the model with 9 states 

(7 closed and 2 open) and 14 independent rate constants (Fig. 3A, right) is too complex to be fully 

determined by measurements under a single experimental paradigm. Instead, the full model is assembled 

in steps, by first deriving topologies and rates for specific portions of the mechanism and then testing its 

predictions against a battery of macroscopic behaviors, which includes dose response, frequency response, 

kinetics of synaptic-like response, desensitization and resensitization kinetics, etc. 

Both the macro- and microscopic models of NMDA receptor activation predict with reasonable accuracy 

the overall duration of the synaptic-like current (Fig 3A, B). However, neither accounts for biphasic 
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kinetics. This is because in both models the rate constants are close in value and predict monophasic decay. 

What are the processes that cause the population response to decay with two kinetic phases? 

11.4.3 Modeling microscopic heterogeneity 

Since the earliest observations ofunitary currents in biological preparations, it was apparent that they were 

kinetically heterogeneous, containing distinct and randomly recurring activity patterns. Because the change 

in kinetic pattern is abrupt and reversible, it most likely reflects a low-probability conformational change, 

referred to as modal gating. Little is known about NMDA receptor modal gating because: modes can only 

be discerned and separated in microscopic current records; long observation windows are necessary to 

observe modes; and their number and duration varies from one record to the next. Further, for heterogeneous 

portions in the record to reflect a true mode shift, the recorded signal must originate from the same channel 

thus requiring recordings from one-channel patches. Despite these impediments, evidence is accumulating 

that modal gating is a universal property of ion channels that shapes their functional output and is 

biologically regulated [186-188]. 

For NMDA receptors three modes have been reported to date, which can be classified by open probabilities 

into low (L), medium (M), and high (H) [189]. Modes were first noted in NMDA receptor records as 

relatively short periods of high open probability [ 56]. Because the kinetics of the NMDA receptor single

channel record is complex even within one mode, in practice, modes are generally ignored. One approach 

is to exclude from analyses portions of the record that stand out as different and focus on the most prevalent 

mode [168] ; this approach provides kinetic information for gating within the kinetic mode that dominates 

the record. Alternatively, the entire data set is included and analyzed regardless of possible heterogeneity; 

in this case, the calculated values for kinetic parameters represent weighted averages across the specific 

modes that happen to be captured in these records [168,177,184,196,211 ,215,288,667,676]. As long as 

these limitations are recognized and acknowledged, and if the perturbations investigated do not affect the 

channel's modal transition(s), both approaches are valid and useful. However, neither 'main-mode' nor 

'average' models correctly predict the NMDA receptor EPSC (Fig. 2A). 
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Figure 3: Models ofNMDA receptor operation. (A) Minimal model (left) required to describe macroscopic 
behaviors includes two sequential glutamate binding steps to resting (C0

) and monoliganded (CM) receptors, 
followed by one-step isomerization reactions : gating (C-O) and desensitization (C-D) [156]. Minimal 
model (right) required to describe one-channel records also includes two sequential glutamate binding 
steps, followed by complex gating (C-C-C-O-O) [147,178,179], and two desensitization steps (C-D) 
[182,185]. (B) The conceptual model fits well (simu, purple) the rise and decay of recorded synaptic-like 
macroscopic currents (patch, black); but not the distribution of closures observed in one-channel currents 
(patch, black). The statistical model (model, blue) estimates closely both the synaptic-like current and the 
single-channel event distributions. Both models predict mono-exponential decay for the synaptic-like 
current and are therefore too simple to fully account for NMDAR-EPSC. (C) Traces were simulated with 
the 'average' statistical models reported for GluNl/GluN2A [184], GluNl/GluN2B [182], GluNl/GluN2C 
[180], and GluNl/GluN2D receptors [190] ; they predict substantial differences in peak open probabilities, 
overall kinetics, and charge transferred in response to synaptic-like (left) and non-synaptic-like (right) 
stimuli. 
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During an individual mode the current is well described by schemes having the same number and 

arrangement ofstates as the ' average' model (Fig. 3B) but with distinct sets ofrate constants [178,182,190]. 

Thus, a tiered model was proposed (Fig. 4A) where the channel always operates with the same basic 

mechanism: is initiated by two sequential and identical glutamate-binding steps followed by a gating 

sequence of three closed and two open states, and two desensitized states; in addition, two much lower 

probability modal transitions can cause a subset of rate constants in this core mechanism to change for a 

while. With 27 states and 46 independent rates, this model is too complex to have practical value. Instead, 

stimulation protocols and recording conditions are selected to drive receptors into certain regions of the 

tiered model, thus warranting contraction into simpler models. For example, binding reactions may be 

omitted when recording with supra-saturating concentrations of agonists [147,181 ,641], and models with 

only one aggregated open state may be used if the perturbation studied does not affect open channel 

durations [179,191]. It is important to keep in mind that the mechanism that produces modal behavior is 

unknown. Nonetheless, evidence supports a role for modal transitions in setting the NMDA receptor 

response decay kinetics (Fig. 4B). 

Glutamate dissociation and receptor desensitization have been the only factors demonstrated to control the 

kinetics of NMDA receptor current decay [136,156]. However, using single-channel recordings obtained 

at several equilibrium subsaturating concentrations of glutamate, and after separating activity by mode, it 

was ascertained that although each mode predicted responses with distinct decay times(Fig. 4C), neither 

glutamate binding/dissociation rate constants, nor desensitization/resensitization rate constants changed 

with gating mode [178,182]. Notably, the decay time constants predicted by the low and medium modes 

(•L, •M), were close in value to the fast and slow components of the biphasic synaptic decay ( Tr, Ts), 

respectively. These observations supported the hypothesis that the biphasic nature of the NMDAR-EPSC 

decay reflects receptor populations that gate in separate modes and, therefore, may be controlled by 

changing the relative fraction of channels occupying each mode. 
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Figure 4: Insights from statistical models. (A) Tiered model accounts for modal gating, defined as 
spontaneous transitions between patterns of activity with distinguishable rates. Periods of low, medium, 
and high gating have been identified statistically and separated in one-channel records to estimate mode
specific rate constants[l47,l 78,182,190,191] ; (B) Synaptic-like unitary responses (top, black) recorded 
successively from the same GluNl/GluN2A receptor can be grouped by their pattern of opening consistent 
with modal gating. The sum currents for each kinetic group have distinct peak amplitudes and decay kinetics 
[191]. (C) Statistical models derived from modes observed in GluNl/GluN2A [178] and GluNl/GluN2B 
[182] single-receptor recordings predict distinct peak open probabilities, and decay times that span several 
orders ofmagnitude. Therefore, the complex decay kinetics observed for NMDAR-EPSCs and for synaptic
like NMDA receptor currents may reflect molecular (subtype) as well as kinetic (modes) heterogeneities of 
the activated receptors. 
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This premise was tested by recording one-channel currents in response to brief glutamate pulses. If indeed, 

the population response originates from a mixture of kinetically distinct receptors, the summation of 

synaptic-like unitary currents should display bi-exponential decay only when the recorded sequence of 

activations contains more than one modal shift. Long recordings from one-channel patches stimulated 

continuously with synaptic-like pulses clearly showed activations with distinct open probabilities. 

Consistent with the rare occurrence of modal shifts, activations with similar kinetics tended to occur in 

runs; importantly, when segregated by open probability (mode), the average current of unitary activations 

decayed with mode-specific mono-exponential time course[ 191] (Fig. 4B). These results support the present 

view that the characteristically biphasic decay of synaptic-like NMDA receptor currents reflects an 

underlying heterogeneity in receptor activation mode at the time of stimulation. Native receptors display 

modal gating [56,191 ,667] ; however, whether synaptic receptors truly exist in distinct kinetics modes 

remains to be tested. In this respect, it will be critical to discover pharmacologic agents or genetic 

modifications that can shift the modal composition ofNMDA receptors. 

11.4.4 Novel insights afforded by statistical models 

The decay of the NMDAR-EPSC has been widely investigated due to its biological significance, but also 

because it can be readily measured experimentally and compared across preparations and conditions. From 

a biological standpoint the total charge transferred by an NMDAR-EPSC, which also defines the amount 

of Ca2+ entering the cell, is critical for physiology; however, it is rarely reported because it is more 

challenging to measure. The charge injected depends not only on the channels' response timecourse but 

also on their open probability, which is difficult to estimate from macroscopic measurements. In this arena, 

statistical models are powerful instruments because they estimate true values by direct observation of a 

range of metrics, including channel open probabilities, time course, and charge transfer. 

For example, it is well established that the decay time of the NMDAR-EPSC becomes much shorter as a 

synapse matures, and this functional observation has been correlated with decreased GluN2B and increased 
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GluN2A subunit expression [501,647]. However, it remains unclear whether and how GluN2 subunit 

expression affects the amount of charge transferred by the NMDAR-EPSC. Statistical models suggest that 

for a constant number of GluNl subunits, a change in receptor type from GluN2B to GluN2A will not only 

shorten the decay time course but will almost double the current amplitude, while maintaining a similar 

charge influx (Fig. 3C); these predicted differences may contribute to the reported subtype-specific cellular 

consequences, and therefore are worthwhile testing. Further, statistical models can help to better understand 

how non-synaptic NMDA receptors contribute to cellular physiology. For these receptors, differences in 

equilibrium open probability and their sensitivity to drugs and mutations that affect the extent of 

desensitization are critically important. Statistical models can help estimate differences in the levels of 

sustained current passed by different receptor types (Fig. 3C). 

Results from simulations with statistical models were first to suggest that NMDA receptor current 

amplitudes may depend on stimulation frequency . For GluNl/GluN2A receptors (Fig. 3A, right), the 

statistical model predicts that once receptors become fully liganded the probability that they will continue 

along the activation reaction and eventually open (C3-+C2-C1-01-02) is almost equal with the probability 

that at least one glutamate molecule will dissociate to abort a response (C3 -+QM- Gu)_ This quantitative 

relationship ensures that after a brief (1 ms) glutamate pulse, only half of the receptors stimulated will 

contribute to the peak current, whereas the other half can only be engaged with longer pulses (> 10 ms) or 

high frequency bursts (>50 Hz). This was validated experimentally thus confirming the veracity of the 

statistical model and revealing a new feature ofNMDA receptor output [178]. This novel property may be 

important in defining the relationship between stimulation frequency, synaptic state ( defined by the types 

and kinetic modes of the NMDA receptors expressed), and the ensuing synaptic plasticity. It is important 

to keep in mind that endogenous modulators, cellular factors , and mutation may differentially affect 

individual transitions within a reaction scheme changing not only parameters that have been classically 

measured, such as decay time, but also previously unsuspected properties, such as modal gating and 

frequency discrimination [ 189] . 
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11.4.5 Implications for physiology and pharmacology 

Kinetic models are valuable tools to connect biologically-salient features of the NMDA receptor output 

with elementary transitions implied by the kinetic mechanism and, further, with the atomic details of the 

structural mechanism. Notably, they help anticipate how mutations and pharmacologic agents affect the 

output, and to delineate the mechanism by which changes occur. Two examples illustrate this point. 

Glycine and zinc are critical endogenous modulators of brain activity and have been implicated in 

neuropathologies [677,678]. Both modulate excitatory transmission [679] in part by modulating NMDA 

receptor currents [135,680]. Macroscopic recordings showed that zinc is an allosteric modulator ofNMDA 

receptors [270] and helped to locate residues responsible for high-affinity binding on the NTD of the 

GluN2A subunit [206,681]. Genetic disruption of this binding site produced animals with altered synaptic 

transmission and heightened pain response, thus demonstrating a physiological action of zinc mediated by 

the high-affinity binding-site on GluN2A on NMDAR-EPSC and animal behaviors[271 ,682]. Mechanistic 

investigations including kinetic modeling of macroscopic and single-channel currents concluded that 

ambient zinc reduces channel open probability by slowing the activation reaction to produce smaller 

synaptic-like currents that decay faster [210,633,676]. Structural investigations confirm the location of the 

zinc binding site and are consistent with a mechanism where zinc binding to the GluN2 NTD induces cleft 

closure that is transmitted to the glutamate binding domain and presumably to the gate [197,204,636,683]. 

A future goal is to complete molecular dynamics simulations in tetrameric receptors to fully link changes 

in domain structures, with specific kinetic steps within the activation reaction, and with macroscopic 

features of the synaptic-like response. 

Glycine is required for the activation of NMDA receptors [135,420] and, although difficult to measure in 

vivo, is believed to be widely present in the CNS interstitial fluid [684] where fluctuations influence the 

activity of NMDA receptors [ 685]. Macroscopic current recordings show that glutamate-elicited currents 

are smaller and desensitize faster in subsaturating concentrations of glycine. Conceptual models fitted to 

these data are consistent with a mechanism where glutamate-binding decreases the receptor's glycine 
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affinity [ 686], an example of negative cooperativity possibly explained by intersubunit LBD interactions. 

Kinetic analyses and modeling of single-channel currents show no evidence of agonist cooperativity; 

instead, they suggest that the preopen states from which glutamate and glycine dissociate to terminate the 

response are kinetically and topologically distinct (C3 and C2, respectively, in Fig. 3A, right). This 

statistical model, predicts correctly that in subsaturating glycine concentrations synaptic-like currents decay 

faster, and display deeper desensitization during high frequency stimulation[ 184]. The glycine binding site 

is located on the LBD of GluNl subunits [45,420], where it may serve to stabilize cleft-closed 

conformation, as illustrated by functional measurements and atomic simulations with isolated GluNl LBDs 

[687-689]. However, similar investigations on tetrameric receptors will be necessary to elucidate whether 

glycine occupancy affects receptor activity by changing the glutamate binding site or by influencing the 

gate independently. 

NMDA receptor currents are critically controlled by Mg2
+, a ubiquitous endogenous ion. Notably, Mg2

+ 

binding in the channel pore directly blocks currents in a voltage-dependent manner [60]. Evidence suggests 

an asymmetric trapping block mechanism [690], which is further complicated by biphasic, fast and slow 

dissociation rates that are subunit-specific [ 691]. For practical reasons the majority of modeling studies 

have been done in low or Mg2+-free media [168,178,179,182]. For this reason, it remains unclear how, in 

addition to blocking current, Mg2+-binding influences channel gating. Given the critical significance of 

Mg2+ block and modulation ofNMDA receptor activity in brain function, it will be important to describe 

these phenomena with detailed kinetic models. Similarly, there is an strong clinical interest in the 

mechanism of NMDA receptor blockers, such as ketamine and memantine, as effective, fast-acting 

antidepressants [169] and in ameliorating cognitive deficits associated with mild Alzheimer's disease [692], 

respectively. Detailed characterization of their mechanism will help better understand their therapeutic 

effects. 
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11.5 Structural basis of kinetic models 

Perhaps the most baffling aspect of statistical models ofNMDA receptors is the multiplicity of their kinetic 

states. Structural models show that functional NMDA receptors consist of at least 9 defined modules that 

maintain function in isolation: four N-terminal domains, four ligand binding domains, and a pore domain. 

Even if each module is imagined in only two conformations, resting and active, the resulting possible 

combinations predict a large array of discrete structures, which may differ in their stabilities and functional 

properties. This is supported by cryo-EM data that revealed an assortment of liganded closed and open 

conformations differing primarily in the relative positioning of the extracellular modules, of which the 

resolved structures represent only 60% of observations [197]. However, the sequence in which these 

structures are populated cannot be inferred from these static data. Molecular dynamics simulations are also 

unlikely to reveal how these structures interconvert partly due to an inability to simulate the relatively slow 

(ms to s) transition rates predicted by the model with current computation power [230]. Therefore, evidence 

is lacking on how to assign structural features to kinetic states. 

In the statistical model, states are defined only by their most basic functional properties . C and O states 

differ in their electrical properties, and simply denote receptors with closed (non-conducting) or open 

( conducting) pores, respectively. From this definition, one can infer that C and O states differ at least in the 

position of residues that form the channel gate. Further, states differ in their ability to bind or dissociate 

ligand. For example, cu and CM can both bind glutamate, and CM and C3 can dissociate glutamate. Thus, 

these four states may represent receptors whose glutamate-binding pockets on GluN2 subunits are in 

extended or open conformations, respectively. Similarly, cu and CM can both bind glycine, and CM and C2 

can dissociate glycine; therefore, they may represent receptors whose glycine-binding clefts on GluNl 

subunits are extended or not. Conversely, neither glutamate nor glycine can dissociate from D,, D2, C, , or 

0 states; therefore, these states may represent receptors with all ligand-binding pockets closed. Mutagenesis 

identified structural elements critical in receptor activation. Decoupling ligand binding from pore 

movements by inserting glycine residues in the connecting linkers selectively perturbed activation as 
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revealed by single-channel analysis of these constructs [ 196]. Similarly, constraining the movement of 

transmembrane helices relative to pore axis severely perturb gating illustrating the importance of these 

elements in the activation pathway [ 641]. 

Conformational changes in functional NMDA receptors have been detected by measuring the relative 

distance between fluorescent probes. These studies were successful in identifying specific structural 

differences between NMDA receptor subtypes [637], caused by allosteric modulators [636,683], and 

agonist binding [75,693,694]. Presently, optical approaches are limited by the sampling intervals required 

to observe sub-millisecond transition rates; similarly, limited spatial resolution have precluded imaging 

transitions in single glutamate receptors. Success of single-molecule FRET in other channels [695] may 

indicate feasibility for NMDA receptors as well. 

Combining optical measurements in functional receptors helps to develop and test hypotheses that assign 

specific conformational changes to individual transitions postulated by the statistical model. Furthermore, 

the use of computational dynamic modelling of derived NMDA receptor structures will allow us to begin 

to understand how these receptors explore and transition among distinct states [230,638]. As longer time 

scales become accessible this approach will help bridge the present gap between the structural and kinetic 

models of gating. 

11.6 Nonionic outputs of NMDA receptors 

Historically, NMDA receptor signals have been measured electrophysiologically as excitatory currents or 

optically as changes in intracellular Ca2+ (Fig 1B). These approaches reflect the prominent NMDA receptors 

function as Ca2+-permeable excitatory glutamatergic receptors. Recently, two groups have reported 

evidence that agonist binding to NMDA receptors can launch intracellular signals that are independent of 

current flow. Glycine binding to the GluNl subunits triggers reactions that prime NMDA receptors for 

activation-dependent clathrin-mediated endocytosis, a form of synaptic plasticity [ 696]. Conversely, 

agonist binding to the extracellular portion of GluN2 subunits causes conformational movements in the 
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cytoplasmic domain, and initiates downstream cellular processes that result in long-term synaptic 

depression, even when GluNl binding sites and/or channel pores are blocked [75,693]. 

The statistical model predicts that glycine and glutamate dissociate from receptor states with distinct 

lifetimes (C2 and C3, respectively) [ 184]. How these states differ structurally is unknown. It is plausible that 

resting, liganded receptors differ not only in the atomic arrangement of extracellular domains, as 

demonstrated by crystallography and functional imaging but also in the arrangement of cytoplasmic 

domains, which presently remain unresolved. If this is indeed correct, the converse may be true: 

intracellular interactions that change the position of cytoplasmic domains will affect the receptors ' 

sensitivities to agonists. Therefore, the output of synaptic and non-synaptic receptors may be distinct not 

only by differences in agonist exposure but also by the atomic arrangements of the resting states, due to 

interactions with cellular factors. 

A role for NMDA receptor conformational changes as the sole mediator of signal transduction adds a new 

level of interest to the electrically-silent portion of NMDA receptor reactions. Integrated 

electrophysiological and optical approaches promise to offer valuable information about electrically 

invisible portions of the model. 

11.7 Conclusions and future perspectives 

NMDA receptors mediate a substantial proportion ofneural signaling. More than 50 trillion brain synapses 

are glutamatergic, and NMDA receptor currents consume 25% of the energy required by cortical neurons 

at rest [697]. To understand how NMDA receptor signals arise, it is important to delineate not only general 

mechanisms ofNMDA receptor activation and modulation, but also the details that allow NMDA receptors 

to produce this repertoire of electrical and conformational signals. The activation mechanisms of several 

diheteromeric NMDA receptor representatives have been investigated in detail. To date, little to no 

information is available about the functional output and operation of triheteromeric receptors. Given that 
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they may represent a substantial fraction of native NMDA receptors, moving forward it will be important 

to investigate the output and operational mechanisms of these receptors [698]. 

A large body of work demonstrates that although NMDA receptors share substantial sequence homology 

with AMPA and kainate receptors their output and operation are remarkably distinct. To delineate the basis 

for their separate mechanisms it will be important to focus more on the structural differences between 

receptor classes. NMDA receptor mechanisms represent valuable tools in delineating the structural 

correlates of function. The atomic arrangement of one NMDA receptor subtype has been reported to date, 

with as many as five conformers observed in EM studies. Assembling these conformers into classes 

corresponding to each of the functional states identified by kinetic modeling, will remain a major line of 

investigation. Understanding how subtle differences in structure produce changes in specific rate constants 

holds enormous promise in understanding the vast diversity of signals produced by NMDA receptors and 

may herald a new era of precision pharmacology. 
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