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N-methyl-D-aspartate (NMDA) receptors are a subtype of ligand-gated ionotropic glutamate
receptors that are involved in most fast, excitatory neuronal transmission in the mammalian
central nervous system (CNS). NMDA receptor activity is crucial for normal brain function, and
NMDA receptor dysregulation has been linked to a number of diseases of the CNS. There are
several NMDA receptor subtypes. Each subtype has a unique temporal and spatial expression
pattern, suggesting that different subtypes play different physiological roles in the CNS. Here,
we have investigated how changes in membrane voltage impact the activity of various NMDA
receptor subtypes in the absence and presence of the highly physiologically relevant channel
blocker magnesium (Mg>"). Mg*" strongly blocks all NMDA receptor subtypes at, and near,
typical resting membrane potentials. Only upon depolarization is Mg>" block relieved. We
found that, upon depolarization, NMDA receptors containing NR2C or NR2D subunits unblock
Mg*" very rapidly (t < 1 ms), while Mg”" unblock from NMDA receptors containing the NR2A
or NR2B subunit displays a prominent slow component (t of several ms). We go on to show that
the slow component of Mg®" unblock from NR2A and NR2B containing NMDA receptors
actually reflects inherent voltage-dependent alterations in NMDA receptor gating. In the
absence of Mg”", NR2A and NR2B containing NMDA receptor currents are enhanced upon
membrane depolarization. Utilizing data collected in the absence of Mg>", we developed kinetic
models of NR2A and NR2B containing NMDA receptors that included inherent voltage
sensitivity such that the receptors open more rapidly at positive membrane potentials. The NR2
subunit specific models reproduce experimentally recorded currents during changes in membrane
voltage in both the absence and presence of Mg”". The models also reproduce several other
previously described voltage-dependent characteristics of the NMDA receptor channel. Inherent
voltage dependence further emphasizes the strong link between NMDA receptor activity and

neuronal depolarization.
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1.0 INTRODUCTION

Cell to cell communication within the central nervous system (CNS) drives such vast behaviors
as a simple smile to the complex motions of a concert pianist. At the heart of neuronal
communication lie ion channels. Ion channels are evolutionarily ancient proteins found
throughout all life, from the simplest bacteria to humans. Through millions of years of evolution
a dizzying array of ion channel subtypes have emerged, each shaped to serve specific
physiological functions.

It is now well recognized that one of the key physiological functions of ion channels in
vertebrates is to help mediate synaptic transmission in the CNS. However, many of the
mechanisms underlying signaling between neurons were known in advance of any compelling
evidence for the existence of ion channel proteins. In the late 1800°s, Sydney Ringer performed
a series of experiments which showed that various ions in solution, in particular calcium (Ca®")
and potassium (K"), are imperative in maintaining the normal rhythm of an isolated frog heart.
A short time later, Julius Bernstein proposed the “membrane hypothesis”, which explained
membrane excitability by suggesting that during periods of activity, the cell membrane would
breakdown, allowing ions to flow down their concentration gradients. Although Bernstein’s
membrane hypothesis explained both the resting membrane potential and the generation of action
potentials (APs), it proved not to be entirely correct. In a series of classic experiments, Hodgkin
and Huxley showed that APs were generated not by a breakdown of the cell membrane, but by
changes in selective K" and sodium (Na") conductances (Hodgkin and Huxley, 1952¢c, 1952d,
1952b, 1952a). Although Hodgkin and Huxley had no direct evidence that these conductances
were mediated by ion channels, they had the incredible foresight to describe the K™ and Na"
conductances in terms of voltage dependent gates.

Following the pioneering work of Hodgkin and Huxley, evidence continued to build in

support of the existence of ion channels. For example, noise analysis provided estimates of the



single channel conductances underlying currents measured in response to application of
acetylcholine to the neuromuscular junction (Katz and Miledi, 1972). However, it was not until
the development of high resolution patch-clamp recordings by Erwin Neher and Bert Sakmann
that currents through single ion channels could be measured directly (Fig. 1). The development,
and further refinement, of patch-clamp recording techniques has led to the discovery and
characterization of a multitude of channels types throughout the CNS.

Ion channels can be activated by a wide variety of stimuli, including changes in
membrane voltage and binding of ligands. Ion channel activation leads to the opening of a pore
extending across the cell membrane, which allows ions to flow down their electro-chemical
gradient. Remarkably, ion passage through an open channel pore can reach rates of >10" ions
per second.

The work presented in this dissertation focuses on one type of ion channel, the N-methyl-
D-aspartate (NMDA) receptor. NMDA receptors are a subtype of glutamate receptor that are
critically involved in a host of physiological processes, and NMDA receptor dysfunction has
been implicated in several diseases (Dingledine et al., 1999; Cull-Candy et al., 2001). The
research presented in this dissertation is intended to extend the knowledge of NMDA receptor
activation and block, focusing on how these properties differ in a number of NMDA receptor

subtypes.

1.1 GLUTAMATE RECEPTOR SUBTYPE DIVERSITY

In the late 1950°s and early 1960’s, the role of glutamate as a neurotransmitter was uncertain. It
had been reported that application of glutamate produced neuronal excitation (Hayashi, 1954;
Curtis et al., 1960), but it was unclear if glutamate acted via specific receptor systems or had a
nonspecific effect on neurons. The development of specific agonists and antagonists finally
provided compelling evidence that glutamate was indeed a neurotransmitter, and operated via
recognition by multiple receptor types (McCulloch et al., 1974; Evans et al., 1979). Initially, the
terms NMDA and non-NMDA receptors were suggested (Watkins and Evans, 1981), based on
selective activation of a subset of glutamate receptors by the synthetic molecule NMDA. Later

identification of additional subtype specific agonists led to the segmentation of the non-NMDA
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recorded at a membrane potential of -65 mV. Channel openings were elicited by application of
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channel moving from a closed state, in which the activation gate is closed, to an open state, in
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group into kainate and quisqualate (eventually o-amino-3-hydroxy-5-methylk-4-isoxazole

propionate (AMPA)) types.

1.1.1 Subunit identification and genetic diversity

A new era of research on glutamate receptors began in the late 1980’s and early 1990’s with the
cloning of the first glutamate receptor cDNAs (reviewed inHollmann and Heinemann, 1994).
The initial cloning results showed that the three glutamate receptor subtypes, previously
classified based on subtype specific agonists (AMPA, NMDA, and kainate), were actually
encoded by several gene families.

The NMDA receptor subtype alone is encoded by seven genes. The seven genes can be
divided into three subunit classes, termed NR1, NR2, and NR3. In the CNS, functional NMDA
receptors heteromeric proteins and must, at minimum, contain both NR1 and NR2 subunits
(Moriyoshi et al., 1991; Kutsuwada et al., 1992; Ishii et al., 1993). The most recent evidence
suggests that NMDA receptors are tetramers, containing two NRI1 and two NR2 subunits
(Schorge and Colquhoun, 2003; Furukawa et al., 2005).

The two NR3 subunit isoforms, NR3A and NR3B, have more recently been discovered
(Ciabarra et al., 1995; Nishi et al., 2001). Incorporation of the NR3 subunit into a functional
NMDA receptor reduces the single channel conductance and Ca®" permeability of the receptor
(Perez-Otano et al., 2001; Matsuda et al., 2002; Matsuda et al., 2003). There remains much to be
learned about the physiological role of the NR3 subunit. However, the NR3 subunit will not be

considered further in this dissertation.

1.1.2 Subunit-dependent receptor properties

The NR1 subunit is encoded by a single gene that displays extensive alternative splicing. One
exon near the N-terminus (exon 5) and two exons near the C-terminus (exons 21 and 22) can be
alternatively spliced. The alterative splicing leads to 8 NR1 subunit isoforms, termed NR1-1a
through NR1-4b based on the nomenclature proposed by Hollmann and colleagues (Hollmann et

al., 1993). Experiments utilizing heterologous expression of recombinant NMDA receptors have



shown that the identity of the NR1 subunit can influence many receptor properties, including
sensitivity to inhibition by zinc (Zn”") and protons (Traynelis et al., 1995; Traynelis et al., 1998).

In contrast to the NR1 subunit, the NR2 subunit is encoded by 4 genes termed NR2A
through NR2D. The identity of the NR2 subunit within a functional NMDA receptor has a
profound influence on many receptor properties. The list of biophysical and pharmacological
receptor properties that are NR2 subunit dependent is long and ranges from agonist affinity to
Ca®" permeability. In many cases, NMDA receptors containing

NR2 subunit confers unique characteristics to a functional NMDA receptor. However,
there are several properties that are similar in NR2A and NR2B containing NMDA receptors
(termed here NR1/2A and NR1/2B receptors, respectively). Likewise, NR1/2C and NR1/2D
receptors share several similar properties, which differ significantly from those displayed by
NR1/2A and NR1/2B receptors. For example, NR1/2A and NR1/2B receptors have a higher
single channel conductance than NR1/2C and NR1/2D receptors (Stern et al., 1992; Wyllie et al.,
1996). Ca*" permeability of NR1/2A and NR1/NRB receptors is indistinguishable, while Ca*"
permeability of NR1/2C receptors is significantly lower (Burnashev et al., 1995). Finally,
NR1/2A and NR1/2B receptors have a higher affinity for extracellular magnesium (Mg**,) than
NR1/2C and NR1/2D receptors (Monyer et al., 1994; Kuner and Schoepfer, 1996; Qian et al.,
2005).

1.1.3 Regulation of subunit expression

Given the important roles the various NR1 and NR2 subunits play in determining many receptor
properties, it seems likely that NMDA receptors containing various combinations of NR1 and
NR2 subunits have specialized roles within the CNS. This notion is supported by the tight
spatial and temporal regulation of NR2 subunit expression. NR1 subunit isoforms also display
some differential regional expression (Laurie and Seeburg, 1994; Laurie et al., 1995). However,
much more attention has been paid to the physiological significance of both developmental and
regional differences in NR2 subunit expression.

Early in development, expression of the NR2B and NR2D subunits is high throughout the
CNS, while the NR2A and NR2C subunits show little to no expression (Ikeda et al., 1992;

Monyer et al., 1994). As development proceeds, changes in NR2 subunit expression are brain-



region and cell-type specific. For example, NR2B subunit expression in the cortex decreases as
the animal ages, while expression levels of the NR2A subunit rise sharply (Ikeda et al., 1992;
Monyer et al., 1994). In the cerebellum, a switch in expression from NR2B to NR2C subunits in
granule cells occurs several weeks after birth (Ikeda et al., 1992). NR2 subunit expression also
differs in individual brain regions. Expression levels of NR2A and NR2B subunits are high in
pyramidal cells in the hippocampus, while hippocampal interneurons have higher expression
levels of the NR2C and NR2D subunits (Monyer et al., 1994; Standaert et al., 1996; Avignone et
al., 2005).

Differential NR2 subunit expression has also been reported within individual cells.
NMDA receptors on layer 5 cortical pyramidal neurons display NR2 subunit specific trafficking
to synapses based on the origin of the presynaptic partner. Intracortical synapses are enriched in
NR1/2B receptors, while synapses arising from commissural connections contain mostly
NRI1/2A receptors (Kumar and Huguenard, 2003). NR2 subunit specific trafficking of NR1/2A
and NR1/2B receptors has also been reported in principal cells (Ito et al., 1997; Ito et al., 2000)
and interneurons (Toth and McBain, 1998) of the hippocampus. Differential distribution of NR2
subunits has also been described between synaptic and extrasynaptic sites. In the mature
hippocampus, NR1/2A receptors tend to cluster at sites of synaptic contact while NR1/2B

receptors are more common at extrasynaptic sites (Li et al., 1998; Tovar and Westbrook, 1999).

1.1.4 Triheteromeric receptors

While it is easy to classify NMDA receptors as containing one type of NR1 subunit along with
one type of NR2 subunit, this is probably not the case for all native NMDA receptors. There is
ample evidence to suggest that many native NMDA receptors in the cortex and hippocampus are
actually triheteromeric receptors, containing NR1, NR2A and NR2B subunit types (Sheng et al.,
1994; Chazot and Stephenson, 1997; Luo et al., 1997; Tovar and Westbrook, 1999). Strong
evidence also exists for the expression of NR1/2A/2C and NR1/2B/2C receptors in the
cerebellum (Chazot et al., 1994; Cathala et al., 2000). Finally, NR1/2B/2D receptors have been
found at extrasynaptic sites within cerebellar Golgi cells (Brickley et al., 2003) and are expressed

by neurons of the substantia nigra (Jones and Gibb, 2005). Mixing of NR2 subunits, and



presumably NR1 subunit splice variants, in a single NMDA receptor greatly increases the
potential number of receptor types and functional diversity. Even though this additional level of
NMDA receptor diversity may be important for CNS physiology, little is known about the
biophysical and pharmacological characteristics of triheteromeric NMDA receptors, although
recent work has begun to characterize NR1/2A/2B triheteromeric receptors (Hatton and Paoletti,

2005).

1.2 NMDA RECEPTOR STRUCTURE

1.2.1 Membrane topology

NR1 and NR2 subunits share a common membrane topology. Starting with an extracellular N-
terminus, there is a single membrane spanning domain (TM1), followed by a re-entrant P-loop,
two additional membrane spanning domains (TM3 and TM4), and finally an intracellular C-
terminus (Fig. 2). The membrane topology of NMDA receptors more closely resembles that of
K" channels as opposed to the cys-loop family of receptors, to which many ligand-gated ion
channels belong. Substantial evidence exists to support an evolutionary link between glutamate
receptors and K channels, including the characterization of GIuR0, a glutamate-gated potassium
selective channel (Chen et al., 1999a). The wealth of biophysical and structural information on

K" channels has proved very useful in directing the study of NMDA receptors.

1.2.2 Extracellular domains

Near the extracellular N-terminus, a section of the NMDA receptor protein shares significant
homology with a bacterial periplasmic leucine/isoleucine/valine-binding protein (LIVBP)
(O'Hara et al., 1993). The LIVBP-like domain binds extracellular modulators, which alter
NMDA receptor function (Fig. 2). In NRI1/2A receptors, the LIVBP-like domain binds Zn**
with very high-affinity (Fayyazuddin et al., 2000; Low et al., 2000; Paoletti et al., 2000). In
NR1/2B receptors, ifenprodil binds to the LIVBP-like domain with high-affinity (Zheng et al.,



2001). Once bound, Zn*" and ifenprodil inhibit NR1/2A and NR1/2B receptors, respectively, via
allosteric mechanisms (Kew and Kemp, 1998; Zheng et al., 2001; Erreger and Traynelis, 2005).
The ligand binding domain also lies within the extracellular space. The ligand binding
domain is formed by two sections of the protein, termed S1 and S2 (Fig. 2). S1 is formed by a
segment preceding TM1, while S2 is formed by a segment of the TM3-TM4 linker. Activation
of NMDA receptors requires not only glutamate binding, but binding of the co-agonist glycine as
well (Johnson and Ascher, 1987; Kleckner and Dingledine, 1988). Glycine binds to the NRI1
subunit and glutamate binds to the NR2 subunit. Recent x-ray crystallography studies of AMPA
(Armstrong et al., 1998) and NMDA (Furukawa and Gouaux, 2003; Furukawa et al., 2005)
receptors have shown that the ligand binding domains adopt a clamshell like structure. In the
unbound, or apo, state the clamshell is open, with a large degree of separation between the S1
and S2 domains. Ligand binding results in domain closure, bringing S1 and S2 closer together.
In AMPA receptors the efficacy of the agonist correlates well with the degree of domain closure,
with full agonists causing a greater degree of domain closure than partial agonists (Jin et al.,
2003; Jin and Gouaux, 2003). However, binding of full and partial agonists at the NR1 glycine
binding site all induce the same degree of domain closure (Inanobe et al., 2005), suggesting that

a different mechanism leads to partial agonist action at NMDA as compared to AMPA receptors.

1.2.3 Transmembrane segments and ion permeation

Great strides in the understanding of ligand binding have been made using x-ray crystallographic
techniques. Unfortunately, these techniques have yet to be successfully applied to the full length
NMDA receptor, leaving the exact structure of the transmembrane segments unknown. Still, a
wealth of biophysical data has provided information regarding the molecular determinants of
channel activation and ion permeation.

The pore of NMDA receptors contains a large extracellular and a large intracellular
vestibule, connected by a narrow constriction. The re-entrant P-loop is a critical component of
the ion permeation pathway, lining the intracellular vestibule and forming the narrow
constriction of the channel (Kuner et al., 1996). In contrast, the extracellular vestibule is
composed of residues located on many parts of the protein, including M1, M3 and M4 (Beck et
al., 1999).
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Figure 2. Schematic of NMDA receptor subunit topology. NR1 and NR2 subunits share a
similar membrane topology. A region near the N-terminus in the extracellular space has been
shown to share significant sequence homology with a bacterial periplasmic
leucine/isoleucine/valine-binding protein (LIVBP). Allosteric modulators, such as Zn*" (NR2A)
and ifenprodil (NR2B), bind to the LIVBP-like domain (shown in yellow). Two domains (S1,
blue and S2, pink) form a clamshell-like pocket which binds the endogenous ligands glycine
(NRT) and glutamate (NR2). A re-entrant P-loop, often referred to as M2, connects the first and
third transmembrane domains. The P-loop lines most of the NMDA receptor channel pore and
combines with the P-loops from other subunits to create the site at which Mg”", binds during
channel block. The intracellular C-terminus varies in length depending on the subunit. In all
subunits, the C-terminal tail mediates important interactions with many proteins, including

signaling molecules such as CAMKII and scaffolding proteins such as PSD-95.



All glutamate receptors are permeable to cations and for the most part exclude anions
from the pore. While the permeability of Na" and K is thought to be nearly identical, one
characteristic feature of NMDA receptors is an extremely high permeability to Ca®". Ca’' is
important for intracellular signaling and Ca*" influx via NMDA receptors can activate a host of
signaling pathways in neurons. All NMDA receptor subtypes have a much higher Ca®*
permeability than the AMPA or kainate subtypes of glutamate receptors (Burnashev et al., 1995;
Wollmuth and Sakmann, 1998). However, Ca’" permeability is not equivalent in all NMDA
receptor subtypes: NR1/2A and NR1/2B receptors display higher fractional Ca®" currents than
NR1/2C receptors (Burnashev et al., 1995). The fractional Ca®" current through NR1/2D
receptors has not been measured, but based on many other receptor properties, it is likely to be
close to that measured through NR1/2C receptors.

In NMDA receptors, an asparagine residue located at the tip of the P-loop, termed the N-
site, plays a critical role in Ca®" permeability. Mutation of the N-site asparagine greatly reduces
the Ca>" permeability of NMDA receptors (Burnashev et al., 1992). Although critical, the N-site
is not the sole determinant of Ca’" permeability. Evidence suggests that NMDA receptors
contain several Ca®" binding sites that cooperate to enhance Ca®" flux through the receptor
(Premkumar and Auerbach, 1996; Sharma and Stevens, 1996). The N-site probably contributes
to a deep binding site for Ca®". A more external Ca** binding site is also formed by a string of
charged amino acids (DRPEER) located at the C-terminal end of the NR1 subunit M3 segment
(Watanabe et al., 2002). The multiple Ca>" binding sites cause Ca’" to pause in the channel as it
permeates, resulting in a lower single channel conductance in the presence of high Ca®'
concentrations (Jahr and Stevens, 1987; Ascher and Nowak, 1988; Gibb and Colquhoun, 1992).
There are also several other permeant ion binding sites located on the NMDA receptor.
Occupation of these binding sites has been shown to greatly impact receptor characteristics,
including block by Mg2+0 (Antonov and Johnson, 1999; Zhu and Auerbach, 2001a, 2001b; Qian
and Johnson, 2002).

1.2.4 Location of the activation gate

While many properties of the ion permeation pathway have been elucidated, the location of the

activation gate remains a topic of controversy. Several lines of evidence suggest that the external
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segments of the NMDA receptor channel undergo gating associated conformational changes (for
review, see (Qian and Johnson, 2002)). However, these data do not remove the possibility that
the conformational change that occludes ion flow occurs deep within the channel pore.
Experiments utilizing the Substituted Cysteine Accessibility Method (SCAM) have placed the
activation gate near the tip of the re-entrant P-loop (Wollmuth and Sobolevsky, 2004).
Regardless of the exact location of the activation gate, a linkage mechanism must be in
place to translate ligand binding in the extracellular space to conformational changes leading to
opening of the activation gate. The current working model of NMDA receptor activation
proposes that closure of the ligand binding clamshell places tension on some portion of the
protein which leads to opening of the activation gate (Mayer and Armstrong, 2004). Several
lines of evidence suggest that a highly conserved motif (SYTANLAAF) near the external end of
the M3 segment plays a critical role in linking agonist binding to channel gating (Fig. 2).
Mutations within the SYTANLAAF region result in channels which can remain open after
removal of agonist (Kashiwagi et al., 2002), or have altered deactivation kinetics (Kohda et al.,
2000). Experiments utilizing SCAM have provided evidence that the SYTANLAAF region
undergoes gating associated conformational changes (Jones et al., 2002; Yuan et al., 2005).
These data support the hypothesis that the M3 domain is critically involved in linking agonist

binding and channel activation.

1.2.5 Intracellular segment

NMDA receptor activation leads to Ca”" influx, which in turn activates a host of intracellular
signaling pathways. The intracellular C-terminus mediates interactions between the NMDA
receptor and a large number of intracellular proteins (Husi et al., 2000). Several kinases have
been shown to interact directly with the NMDA receptor C-terminus, including Src (Yu et al.,
1997) and CAMKII (Strack and Colbran, 1998). The C-terminus of each NR2 subunit ends in a
consensus sequence that binds PDZ containing proteins, such as PSD-95 and SAP-102 (Sheng,
2001). The interaction between the NMDA receptor and PDZ containing proteins is critical for
both the synaptic clustering of NMDA receptors (Mori et al., 1998; Steigerwald et al., 2000) and
the coupling of NMDA receptors with intracellular signaling pathways (Sprengel et al., 1998;
Kohr et al., 2003).
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1.3 RECEPTOR ACTIVATION

1.3.1 Activation and deactivation of NMDA receptors

Ligand-gated receptors are activated upon binding of agonists. As mentioned above, NMDA
receptor activation requires binding of the co-agonists glutamate and glycine. The activation and
deactivation kinetics of NMDA receptors are much slower than AMPA and kainate receptors.
Across NMDA receptor subtypes, activation and deactivation kinetics are also NR2 subunit
dependent. NRI1/2A receptors display the fastest activation and deactivation kinetics, while
NR1/2D receptors display the slowest (Monyer et al., 1992; Vicini et al., 1998; Wyllie et al.,
1998; Erreger et al., 2005). Remarkably, the time constant of NR1/2D receptor deactivation is
well over 1 second, while NR1/2A receptor deactivation occurs in tens of ms (Monyer et al.,

1994; Vicini et al., 1998; Wyllie et al., 1998).

1.3.2 NMDA receptor desensitization

NMDA receptors display many forms of desensitization, which is defined as the reduction of
current in the continuous presence of agonists (Dingledine et al., 1999). They include Ca*"-
dependent, glycine-dependent, and the ill-defined glycine-independent desensitization. Ca”'-
dependent desensitization, also termed Ca’’-dependent inactivation, is due to elevation of
intracellular Ca*" (Clark et al., 1990; Legendre et al., 1993; Rosenmund and Westbrook, 1993b,
1993a). Elevation of intracellular Ca®" causes dissociation of the NMDA receptor from the
cytoskeleton (Rosenmund and Westbrook, 1993b), which, in turn, causes a reduction in the open
probability (Pgpen) of the receptor (Legendre et al., 1993). The NR1 C-terminus mediates several
interactions that are critical for Ca*"-dependent inactivation (Zhang et al., 1998; Krupp et al.,
1999). Ca®’-dependent inactivation is also modulated by the NR2 subunit; Ca*'-dependent
inactivation is most prominent in NR1/2A receptors and absent in NR1/2C receptors (Krupp et
al., 1996). Glycine-dependent desensitization occurs at sub-saturating concentrations of the co-
agonist glycine and is due to a reduction in glycine affinity upon occupation of the glutamate

binding site (Mayer et al., 1989; Benveniste et al., 1990).

12



Glycine-independent desensitization is a catch-all phrase used to describe any form of
desensitization that cannot be accounted for by Ca®-dependent inactivation or glycine-dependent
desensitization (Sather et al., 1990; Sather et al., 1992). A fast component of glycine-
independent desensitization, which is present only in NR1/2A receptors, is due to inhibition of
the receptor by Zn>"(Chen et al., 1997; Krupp et al., 1998; Villarroel et al., 1998). Zn*" binds to
the LIVBP-like domain of NRI1/2A receptors and enhances the affinity of the receptor for
protons, which inhibit the receptor. Recent work has suggested that there is a positive allosteric
interaction between the Zn*" and glutamate binding sites, so that when glutamate is bound to the
receptor, the affinity for Zn*" is increased (Zheng et al., 2001; Erreger and Traynelis, 2005). A
similar allosteric interaction may also exist between glutamate and ifenprodil on NR1/2B
receptors (Zheng et al.,, 2001). A second, slower component of glycine-independent
desensitization is also present in NR1/2A receptors. Originally, regions near the extracellular
face of M1 were suggested to mediate this form of desensitization (Krupp et al., 1998; Villarroel
et al., 1998), although recent data have questioned these conclusions (Hu and Zheng, 2005).

1.3.3 Modeling receptor activation

Receptor activation has long been a topic of heavy research. Del Castillo and Katz (1957)
provided the first plausible mechanism to describe receptor activation (Fig. 3a). The model was
developed to described activation of nicotinic acetylcholine receptors at the neuromuscular
junction (Del Castillo and Katz, 1957). In the Del Castillo and Katz model, the receptor in the
closed state (R) binds a single agonist (A) molecule, which causes the receptor to undergo a
conformation change and move into the open state (AR*). These steps are all described by rate
constants that can be empirically derived. Through years of refinement, complex models of
acetylcholine receptor activation have emerged. These recent models are able to account for
many single channel characteristics and can explain the impact of mutations that lead to human
diseases, such as congenital myasthenic syndromes (Hatton et al., 2003; Shelley and Colquhoun,
2005). The success of modeling acetylcholine receptor activation prompted application of

similar techniques to many other receptor types, including NMDA receptors.
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1.3.4 NMDA receptor gating models

One of the first widely used models of NMDA receptor function came from work by Lester and
Jahr (1992) (Fig. 3b). The Lester and Jahr model reasonably reproduced macroscopic NMDA
receptor mediated currents. However, the Lester and Jahr model could not account for many of
the complex single channel characteristics of NMDA receptors. Further work, including a better
understanding of the structure of NMDA receptors, has lead to the development of more
complete models of NMDA receptor activation. Several models have now been proposed which
are able to, at least in part, explain the long and complex activations associated with NMDA
receptor gating (Banke and Traynelis, 2003; Popescu et al., 2004; Auerbach and Zhou, 2005;
Erreger et al., 2005; Schorge et al., 2005).

Several recently proposed models of NMDA receptor activation contain pre-gating states
that represent independent conformational changes of the NR1 and NR2 subunits upon binding
of glycine and glutamate, respectively (Banke and Traynelis, 2003; Erreger et al., 2005; Schorge
et al., 2005). Using patches containing a single NR1/2B receptor, Banke and Traynelis (2003)
were able to provide the first evidence suggesting that distinct conformational changes of the
NR1 and NR2 subunits link glycine and glutamate binding, respectively, to NR1/2B receptor
activation. In the Banke and Traynelis model (Fig. 3c), NR1 subunits undergo pre-gating
conformational changes more rapidly than NR2B subunits. Using a similar approach, Erreger et
al. (2005) developed a model to describe NR1/2A receptor activation. The NR1/2A and NR1/2B
models differ in several respects. Most notably, the conformational change associated with the
NR2 subunit proceeds more rapidly for NR2A than NR2B subunits (Erreger et al., 2005). Most
recently, Schorge, Elenes & Colquhoun (2005) proposed a model that extends the Banke and
Traynelis model to include glycine binding steps and an additional open state (Schorge et al.,
2005). These recent models have been able to bring some order to the dauntingly complex

activations of NMDA receptors.
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Figure 3. Historical mechanisms proposed to describe ion channel activation. (@)
Mechanism first proposed by Del Castillo and Katz (1957) to describe activation of nicotinic
acetylcholine receptors at the neuromuscular junction. A single agonist molecule (A) binds the
closed receptor (R), inducing a conformational change of the receptor leading to activation
(AR*). (b) Lester and Jahr (1992) mechanism used to model macroscopic NMDA receptor
currents. Experiments were performed in saturating glycine, which allowed the glycine binding
site to be ignored. Two molecules of glutamate (A) must bind to the closed NMDA receptor (R).
The doubly liganded receptor (A;R) can then enter the open state (O), or enter a long-lived
desensitized state (A,D). Oscillations into and out of the A,D state were proposed to contribute
to the long activations exhibited by NMDA receptors. (C) Model proposed by Banke and
Traynelis (2003) to describe NR1/2B receptor activation. Once the receptor reaches the doubly
liganded state the Lester and Jahr (1992) and Banke and Traynelis (2003) models diverge. In the
Banke and Traynelis (2003) model there are two desensitized state (RAxd; and RA,d») as well as
two additional states (RA,r and RA,) linking the doubly liganded state (RA;) to the open state
(RA,*). The RA,r and RA, states represent independent conformational changes of the NR1
and NR2 subunits, respectively.
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1.4 VOLTAGE-DEPENDENT MODULATION OF LIGAND-GATED RECEPTORS

As mentioned above, ligand-gated receptors require binding of agonists to induce the
conformational changes that lead to activation. However, activation of several ligand-gated
receptors has been shown to be modulated by membrane voltage. Pioneering work by Magleby
and Stevens (1972) on nicotinic acetylcholine receptors at the neuromuscular junction first
described voltage-dependent modulation of a ligand gated receptor. Magleby and Stevens
(1972) showed that the voltage-dependent decay of endplate potentials could be explained by
assuming voltage-dependent alterations of nicotinic acetylcholine receptor gating. Specifically,
they proposed that the closing rate of nicotinic acetylcholine receptors increases as the
membrane is made progressively more positive (Magleby and Stevens, 1972). The closing rate
of the inhibitory glycine receptor has also been proposed to be voltage-dependent, although the

closing rate of the glycine receptor appears to decrease with depolarization (Legendre, 1999).

1.4.1 Membrane voltage and glutamate receptor activity

The activity of some glutamate receptor subtypes also displays voltage dependence. Certain
AMPA receptor subtypes display strong inward rectification due to voltage dependent channel
block by polyamines (Bowie and Mayer, 1995). In some preparations, the gating (Jonas and
Sakmann, 1992; Raman and Trussell, 1995) and desensitization (Patneau et al., 1993) of AMPA
receptors have been reported to display an inherent sensitivity to membrane voltage. However,
in other preparations, AMPA receptor gating and desensitization appear insensitive to membrane
voltage (Hestrin et al., 1990; Keller et al., 1991). AMPA receptors from invertebrate systems
also display inherent voltage dependence (Dudel, 1974; Onodera and Takeuchi, 1978).
Alterations in membrane potential affect the single channel conductance, open probability
(Popen), and desensitization rates of invertebrate AMPA receptors (Tour et al., 1998).

NMDA receptor activity displays a steep dependence on membrane voltage due to open
channel block by Mg2+0 (Mayer et al., 1984; Nowak et al., 1984) (see below). However, several
observations suggest that NMDA receptors display an additional sensitivity to membrane
voltage, beyond that provided by Mg*", block. At some synapses, the decay of NMDA receptor

mediated excitatory post-synaptic currents (NMDA-EPSCs) is slower at depolarized membrane
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potentials (Konnerth et al., 1990; Keller et al., 1991; D'Angelo et al., 1994), but see (Hestrin et
al., 1990). A slow relaxation of NMDA receptor mediated currents in response to membrane
depolarization has been attributed to voltage-dependent alterations of NMDA receptor channel
properties (Benveniste and Mayer, 1995; Spruston et al., 1995). Several studies utilizing single
channel recording techniques have shown that the mean open time of NMDA receptors increases
with depolarization (Green and Gibb, 2001; Billups et al., 2002), but see (Gibb and Colquhoun,
1992). Finally, the Poyen of NMDA receptors has been reported to be greater at positive
membrane potentials (Nowak and Wright, 1992; Li-Smerin and Johnson, 1996; Li-Smerin et al.,
2001). Taken together, these studies suggest that inherent voltage-dependent modulation may be

a universal phenomenon, present in all ligand-gating ion channels.

1.5 MAGNESIUM BLOCK AND UNBLOCK OF NMDA RECEPTORS

One characteristic feature of NMDA receptors is powerful channel block by physiological
concentrations of Mg*", (Mayer et al., 1984; Nowak et al., 1984). Mg*", block of NMDA
receptors is strongly voltage dependent and increases with hyperpolarization. Due to block by
Mg*",, significant current flow through NMDA receptors only occurs upon coincident agonist
binding and membrane depolarization.

Previous studies have provided evidence that the N-site asparagine, which is a key
determinant of Ca*" permeability, is also critical for Mg®", block (Burnashev et al., 1992; Mori
et al., 1992). Mutation of the NR2 subunit N-site drastically reduces block by Mg*",, while
mutation of the NR1 subunit N-site tends to have a larger affect on Ca®>" permeation (Burnashev
et al., 1992). Within all NR2 subunits, a second asparagine adjacent to the N-site (termed the
N+1 site) also strongly influences Mg*" , block (Wollmuth et al., 1998). These data suggest that

the Mg®*", blocking site lies at the narrowest constriction of the channel.
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1.5.1 NR2 subunit differences in Mg**, block

Even though all NR2 subunits contain homologous asparagine residues at the N, and N+1 site,
not all NMDA receptor subtypes display equivalent Mg®", block. NRI1/2A and NR1/2B
receptors exhibit higher affinity Mg®", block than NR1/2C and NR1/2D receptors (Monyer et al.,
1992; Monyer et al., 1994; Kuner et al., 1996; Qian et al., 2005). The structural elements
underlying the subunit differences in Mg”", sensitivity are not completely clear, but they seem to
be distributed over multiple sites within the NR2 subunit protein (Kuner and Schoepfer, 1996),
although a single amino acid near the intracellular tip of M3 may play a particularly important
role (Gao et al.,, 2004). Thus, despite sharing common structural elements, different NR2

subunits can confer unique Mg ", blocking characteristics to functional NMDA receptors.

1.5.2 Kinetics of Mg?*, unblock

Early studies utilizing recordings at stationary membrane potentials provided evidence that both
Mg2+0 block and unblock occur extremely rapidly (Ascher and Nowak, 1988; Jahr and Stevens,
1990a, 1990b). Based on these experiments, depolarization induced Mg*", unblock is often
assumed to be effectively instantaneous (for review see (Koch, 1999)). However, more recent
studies have showed that in response to rapid voltage jumps, Mg*", unblock is multiphasic,
containing at least a fast (t < 1 ms) and a slow (t of many ms) component (Spruston et al., 1995;
Vargas-Caballero and Robinson, 2003; Kampa et al., 2004). Slow Mg*", unblock may alter the
amount and kinetics of NMDA receptor mediated currents during physiological depolarizations
(Vargas-Caballero and Robinson, 2003; Kampa et al., 2004; Vargas-Caballero and Robinson,
2004).

Although it is clear that the NR2 subunit identity can alter many NMDA receptor
characteristics, it is not known if Mg®", unblocking kinetics are also NR2 subunit dependent.
Three recent studies describing a slow component of Mg*", unblock in some detail utilized
cortical slices containing native NMDA receptors of unknown subunit composition (Vargas-
Caballero and Robinson, 2003; Kampa et al., 2004; Vargas-Caballero and Robinson, 2004).
Based on previous expression studies (Monyer et al., 1994), native cortical NMDA receptors are

likely to be composed of mostly NR1, NR2A and/or NR2B subunits. Slow Mg”", unblock
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persisted following application of ifenprodil, an NR2B subunit specific antagonist, suggesting
that Mg, unblock from NR1/2A receptors contains a slow component (Vargas-Caballero and
Robinson, 2004). However, it is not clear if Mg*", unblock from NR1/2B receptors also displays
a slow component and, if so, if slow Mg®", unblock is equivalent from NR1/2A and NR1/2B
receptors. Furthermore, it is not clear how the previous results describing slow Mg*", unblock
will translate, if at all, to native NMDA receptors in brain regions expressing high levels of the

NR2C or NR2D subunits.

1.6 CHANNEL BLOCK AND NMDA RECEPTOR GATING

The most prominent NMDA receptor blocker is Mg”",, as described above. However, many
other compounds act as NMDA receptor channel blockers, including the dissociative anesthetics
phencyclidine and ketamine (Anis et al., 1983; Honey et al., 1985) and the clinically useful drugs
memantine and amantadine (Blanpied et al., 1997; Chen and Lipton, 1997). The study of
NMDA receptor channel blockers provides not only information regarding the physiological role

of NMDA receptors, but it can also help to further our understanding of NMDA receptor gating.

1.6.1 Interaction between blockers and gating machinery

Because channel gating involves structural changes in and around the pore, open channel
blockers may perturb channel gating transitions. The most extreme examples of blocking
molecules that perturb channel gating are sequential blockers, which prevent the channel
activation gate from closing during block. 9-aminoacridine (Benveniste and Mayer, 1995), IEM-
1857 (Antonov and Johnson, 1996) and tetrapentyl-ammonium (Sobolevsky et al., 1999) are all
thought to act via sequential block of NMDA receptors. Other channel blockers do not prevent
the activation gate from closing during block and can be “trapped” inside the channel. Once a
blocker is trapped, the channel must move back to the open state for the blocker to exit the
channel pore. Several examples of trapping blockers of NMDA receptors have been described,

including MK-801 (Huettner and Bean, 1988), amantadine and memantine (Blanpied et al.,
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1997; Chen and Lipton, 1997), ketamine and phencyclidine (MacDonald et al., 1991), and
NEFA, a structural analogue of phencyclidine (Dilmore and Johnson, 1998). Although these
trapping blockers do not affect channel gating as dramatically as sequential blockers, they still
may alter gating transitions or agonist binding while trapped (Blanpied et al., 1997; Dilmore and
Johnson, 1998; Sobolevsky et al., 1999; Sobolevsky and Yelshansky, 2000; Blanpied et al.,
2005).

1.6.2 Mg*, block and NMDA receptor gating

Noticeably absent from the discussion regarding interactions between blockers and channel
gating is Mg”",. The fast binding and unbinding kinetics of Mg*", make it difficult to determine
if Mg®", can be trapped within the NMDA receptor pore. However, several studies have found
that trapping block models can adequately reproduce many actions of Mg”", (Ascher and Nowak,
1988; Jahr and Stevens, 1990a; Sobolevsky and Yelshansky, 2000; Vargas-Caballero and
Robinson, 2004). The trapping of Mg2+0 is further supported by the observation that Zn*", which
is similar in size and valence to Mg*", is trapped by a NMDA receptor into which a high affinity
Zn*" binding site has been engineered by mutating the N-site amino acids to cysteine (Amar et
al., 2001).

While there is evidence supporting a trapping block mechanism for Mg*",, the influence
of Mg”*, on channel gating is not yet clear. Data showing excellent agreement between the Kq
and the ICso of Mg®", measured using single channel and whole-cell recordings, respectively,
suggests blockade of NMDA receptors by Mg®", does not influence channel gating (Johnson and
Qian, 2002; Qian et al., 2002). A similar conclusion was reached in a study from Sobolevksy &
Yelshansky (2000), in which it is reported that blockade by Mg, does not affect channel
desensitization, channel closure, or agonist unbinding.

The hypothesis that block by Mg*", does not alter NMDA receptor gating is in
disagreement with the report of a reduction in single channel burst duration and frequency at
hyperpolarized membrane potentials in the presence of Mg*", (Ascher and Nowak, 1988). In
addition, recent studies (Kampa et al., 2004; Vargas-Caballero and Robinson, 2004) have
proposed models to describe slow Mg*", unblock from native NMDA receptors in which Mg”",

block augments channel gating transitions alone, or along with alterations in agonist binding
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kinetics. The Vargas-Caballero & Robinson model proposed that blockade by Mg, increases
the channel closing rate roughly 3-fold. In the model proposed by Kampa et al. (2004), blockade
by Mg , also increased channel closing rate, but in conjunction with an enhancement of
receptor desensitization and a decrease in agonist affinity. The later model is in good agreement
with previous data suggesting that NMDA receptor channel blockade by Mg”", lowers the
NMDA receptor’s affinity for glutamate (Nahum-Levy et al., 2002). Thus, the effects of Mg®",
block on NMDA receptor channel gating, agonist binding, and desensitization remains a topic of

controversy.

1.7 GOALS OF THIS DISSERTATION

NMDA receptors play a critical role in both normal and pathological states in the CNS. The
research in this dissertation is aimed at providing further insight into the relationship between
membrane voltage and NMDA receptor activity. In addition, we were particularly interested in
determining how expression of various NR2 subunit isoforms impacts the relationship between
membrane voltage and NMDA receptor activity. The experimental results have several
mechanistic and physiological implications for NMDA receptor activity. The results are outlined

in the following three chapters:

1.7.1 NMDA receptor NR2 subunit dependence of the slow component of Mg**,

unblock.

In the series of experiments described in this chapter, we set out to characterize the kinetics of
Mg®", unblock from recombinant NR1/2A, NR1/2B, NR1/2C, and NR1/2D receptors. The
results indicate that the kinetics of Mg”*, unblock are NR2 subunit dependent: Mg, unblock
from NR1/2C and NR1/2D receptors is extremely rapid while Mg*", unblock from NR1/2A and
NR1/2B receptors displays a prominent slow component. Furthermore, the slow component of

Mg*", unblock from NR1/2B receptors is slower than from NR1/2A receptors.
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1.7.2 Modulation of NR1/2B receptor activation by membrane voltage.

In this chapter we set out to determine if there was a relationship between slow current
relaxations in response to depolarization in 0 Mg*", and slow Mg®", unblock. Utilizing whole-
cell current recordings and kinetic modeling, we found that an NR1/2B model that incorporated
inherent voltage-dependence of channel activation could account for NR1/2B receptor currents
in both 0 and 1 mM Mg*",. In addition, the NR1/2B model could at least partially reproduce

previous reports of voltage-dependent decay of synaptic NMDA receptor currents.

1.7.3 Voltage-dependent modulation of NMDA receptor activation: NR2 subunit

dependence and slow Mg, unblock.

The goal of this chapter was to determine if NR1/2A receptor activity displayed voltage
dependence. We found that NR1/2A receptor activity was consistent with an enhancement of
receptor Poyen With depolarization. Using recently described subunit specific gating kinetics
(Erreger et al., 2005), we adapted the NR1/2B model from Chapter 2 to describe NR1/2A
receptors. Despite containing identical voltage sensitivity, the unique activation kinetics of
NR1/2A receptors predicted the experimentally observed NR2 subunit differences in Mg*’,

unblocking kinetics.
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20 NMDA RECEPTOR NR2 SUBUNIT DEPENDENCE OF THE SLOW
COMPONENT OF MAGNESIUM UNBLOCK

21  ABSTRACT

NMDA receptor activity is important for many physiological functions, including synapse
formation and alterations in synaptic strength. NMDA receptors are most commonly composed
of NR1 and NR2 subunits. There are four NR2 subunits (NR2A-D). NR2 subunit expression
varies across both brain regions and developmental stages. The identity of the NR2 subunit
within a functional NMDA receptor helps to determine many pharmacological and biophysical
receptor properties, including strength of block by external Mngr (Mg2+0). Mg2+o block confers
strong voltage dependence to NMDA receptor-mediated responses and is critically important for
many functions that the NMDA receptor plays within the central nervous system. Here, we
describe the NR2 subunit dependence of the kinetics of Mg*", unblock following rapid
depolarizations. We find that Mg*', unblocks from NR1/2A and NR1/2B receptors with a
prominent slow component similar to that previously described in native hippocampal and
cortical NMDA receptors.  Strikingly, this slow component of Mg®", unblock is completely
absent from NR1/2C and NRI1/2D receptors. Thus, currents from NR1/2C and NR1/2D
receptors respond more rapidly to fast depolarizations than currents from NR1/2A and NR1/2B
receptors. In addition, the slow component of Mg®", unblock from NR1/2B receptors was
consistently slower than from NR1/2A receptors. This made rapid depolarizations, such as
action potentials waveforms (APs), more efficacious at stimulating Mg*", unblock from NR1/2A
than from NR1/2B receptors. These NR2 subunit differences in the kinetics of Mg*", unblock
are likely to help determine the contribution of each NMDA receptor subtype to current flow

during synaptic activity.
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2.2 INTRODUCTION

Postsynaptic NMDA receptor responses are characterized by strong voltage-dependence, slow
decay, and a large calcium (Ca’") conductance. Due in part to these unique characteristics,
NMDA receptors are critically involved in synapse formation and modification during
development (Bear and Colman, 1990; Cline and Constantine-Paton, 1990; Iwasato et al., 1997;
Ramoa et al., 2001; Erisir and Harris, 2003), as well as changes in synaptic strength in adulthood
(Bliss and Collingridge, 1993; Heynen et al., 2000; Lisman and MclIntyre, 2001). NMDA
receptor dysfunction has also been implicated in many diseases, such as epilepsy, schizophrenia,
and several neurodegenerative disorders (Meldrum, 1992; Chapman, 2000; Cull-Candy et al.,
2001; Tsai and Coyle, 2002; Zeron et al., 2002; Moghaddam, 2003).

Functional NMDA receptors are obligate heterotetramers, composed primarily of NR1
and NR2 subunits. The NR1 subunit has one gene product, but many splice variants, which are
expressed ubiquitously (Laurie et al., 1995). In contrast, expression of the four NR2 subunit
gene products (NR2A-NR2D) shows tight temporal and spatial regulation. For example, NR2B
and NR2D subunits are expressed prenatally, while NR2A and NR2C subunit expression rises
sharply after birth (Monyer et al., 1994; Wenzel et al., 1996). Differential NR2 subunit
expression also occurs across brain regions. In adulthood, NR2A and NR2B subunits
predominant within the cortex, while NR2C and NR2D subunits are found within midbrain and
hindbrain structures (Monyer et al., 1994; Wenzel et al., 1996). NR2 subunits even show
differential expression within individual neurons; NR2A subunits cluster around synapses while
NR2B subunits often occupy extrasynaptic sites (Tovar and Westbrook, 1999). NR2 subunit
expression is tightly controlled because NR2 subunits help determine many pharmacological and
biophysical receptor properties, including Mg, affinity (Dingledine et al., 1999).

Due to voltage-dependent channel block by Mg”", (Mayer et al., 1984; Nowak et al.,
1984; Ascher and Nowak, 1988) NMDA receptor mediated currents are prominent only during
periods of coincident glutamate release and postsynaptic depolarization. Recent reports have
shown that following rapid membrane depolarization, Mg*", unblock from native NMDA
receptors contains fast (t < 1 ms) and slow (t = 3-20 ms) components (Spruston et al., 1995;
Vargas-Caballero and Robinson, 2003; Kampa et al., 2004). These findings are surprising
because the kinetics of Mg®", unblock at the single channel level (Nowak et al., 1984; Ascher
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and Nowak, 1988) predict only rapid unblock. Instead, the slow component(s) account for as
much as 50 % of the total current relaxation, which reduces NMDA receptor currents during the
upstroke of action potentials (APs) (Vargas-Caballero and Robinson, 2003), and shortens the
time window for spike-timing-dependent plasticity (STDP) (Kampa et al., 2004).

Previous studies describing slow Mg®’, unblock were performed on native NMDA
receptors of an undefined subunit composition. Here, we set out to determine if the properties of
Mg*", unblock are NR2-subunit dependent. We find that the relative speed of Mg*", unblock
from NMDA receptor subtypes are: NR1/2C, NR1/2D >>> NR1/2A > NR1/2B. These NR2
subunit differences in Mg?**, unblock rendered brief depolarizations, such as APs, more effective

at stimulating Mg”", unblock from NR1/2A than from NR1/2B receptors.

2.3 MATERIALS AND METHODS

2.3.1 Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were maintained as previously described (Qian et
al., 2005). HEK 293T cells were plated onto untreated glass coverslips or onto glass coverslips
pretreated with poly D-lysine (0.1 mg ml™") and rat-tail collagen (0.1 mg ml™', BD Biosciences,
San Jose, CA) in 35-mm culture dishes at 1-2 x 10° cells per dish. 18-24 hours after plating, the
cells were transiently transfected with cDNAs encoding the NR1-1a and one of the four NR2
subunits (NR2A-D) using a modified Ca®" precipitation procedure (Qian et al., 2005). The
cDNA for enhanced Green Fluorescent Protein (eGFP) was co-transfected as a marker of
successful transfection. 0.7 pg of eGFP, 1.3 ng of NR1-1a, and 2-8 pg of NR2A-D cDNA were
used per dish. After incubation of cells with the transfection solution for 6-8 hours, precipitates
were washed off with fresh culture medium that contained 200 - 1000 uM APV and 2 mM Mg*".

Experiments were performed 20 to 72 hours after transfection.
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2.3.2 Solutions

Solutions were prepared daily from frozen stocks. Currents were activated by the indicated
concentration of NMDA or glutamate either in the absence of Mg®", or with 1 mM added Mg”",,.
10 uM glycine was added to all solutions. We did not adjust for changes in osmolality that
resulted from the addition of Mg®",. The external solution contained (in mM): NaCl 140, CaCl,
1, KCI1 2.8, and HEPES 10, pH 7.2 adjusted with NaOH, osmolality 290 + 10 mmol/kg. The
internal solutions contained (in mM): CsCl 125, EGTA 10 and HEPES 10, pH 7.2 adjusted with
CsOH, osmolality 275 + 10 mmol/kg. Sucrose was used as needed to adjust the osmolality of
the external solution. The junction potential between the pipette and bath solution was 5 mV and
all holding potentials were corrected for junction potentials. Ultrapure salts were used when

available. All chemicals were from Sigma Chemical Co. (St Louis, MO).

2.3.3 Whole-cell recording

Whole-cell recordings from transfected HEK 293T cells were performed as described previously
(Qian et al., 2005).  Briefly, pipettes were pulled from borosilicate standard-walled glass with
filaments (1.5 mm outer diameter; .86 mm inner diameter; Warner Instrument Corp., Portland,
OR) and fire-polished to a resistance of 2-5 MQ. Solutions were delivered using an in-house
fabricated fast perfusion system (Qian et al., 2002) connected to an eight chamber gravity fed
solution reservoir (AutoMate Scientific, San Francisco, CA). Solution exchanges were 90%
complete within 20 ms for standard whole-cell experiments, or 90% complete within 1 ms for the
lifted-cell experiments. Solution exchange measurements were made by recording whole-cell
current from a transfected HEK 293T cell while moving between two barrels. Both barrels
contained the same concentration of NMDA and glycine, but one barrel contained normal
extracellular solution and the second barrel contained an extracellular solution with the
impermeant ion NMDG in place of NaCl. The time course of current decrease upon movement
into the NMDG extracellular solution was used to estimate solution exchange times.

In some experiments, the lifted-cell technique (Vicini et al., 1998) was used to permit
faster solution exchange times. For these experiments, HEK 293T cells were plated onto

untreated glass coverslips. Once whole-cell access was obtained negative pressure was re-
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applied and the cell was slowly lifted into the solution flow. Small negative pressure was
maintained throughout the experiment to prolong the duration of the experiment. The
morphology of the cell was continuously monitored and if gross morphological changes occurred
the experiment was terminated.

All currents were recorded with an Axopatch 200 amplifier (Axon Instruments, Foster
City, CA) in voltage-clamp mode. The built-in series resistance correction and prediction
circuitry were set to at least 80% in all experiments. Signals were low-pass filtered at 2.5 or 5
kHz (8-pole Bessel; Warner Instrument Corp, Hamden CT) and sampled at 10-50 kHz. Where
indicated, signals were re-filtered at 1 kHz for display. All experiments were performed at room

temperature.
2.3.4 Data analysis and Curve Fitting

NMDA receptor mediated current responses to depolarizing voltage jumps were corrected for
leak and capacitive currents by subtracting the current response to an identical voltage jump in
the absence of NMDA or glutamate using pClamp 9.2 (Axon Instruments. Foster City, CA).
When multiple sweeps of the same amplitude voltage jump were obtained, responses in the
absence of NMDA or glutamate were first averaged and then subtracted from the agonist-
induced ensemble average. Leak- and capacitance- subtracted currents (Inmpa) were then fit

with multi-exponential equations of the form:

n
Inmpa = C+ _Z] Ai (1 —exp(-t/17))
-

where C is the current level prior to the voltage jump and A; is the amplitude of the exponential
component with time constant ;. n was adjusted between 1 and 3 as necessary to obtain quality
fits. C, A, and 1; were allowed to vary during fitting. The amplitudes were expressed as a
percentage by dividing each A; by the sum of the Aj’s of all the exponential components. In
experiments where voltage jumps to 35 mV were applied shortly following agonist application
(Fig. 10), the resulting currents were normalized to an averaged response to agonist application
while the cell was held at 35 mV to remove the effects of desensitization. Prior to normalization,

two 35 mV responses, pre- and post-voltage jump, were averaged to account for current run-
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down. All curve fitting was performed using Clampfit 9.2 (Axon Instruments. Foster City, CA)
or Origin 7.0 (OriginLab Corp., Northampton, MA). Data are expressed as means + S.E.M and

statistical analysis was performed using Student’s t-tests unless otherwise noted.

24  RESULTS

2.4.1 NR2 subunit identity controls Mg®*, unblocking kinetics

The rapid unblocking kinetics of Mg*", at the single channel level (Nowak et al., 1984; Ascher
and Nowak, 1988) predict that during whole-cell recordings, membrane depolarization would
induce rapid Mg, unblock. However, recent data (Spruston et al., 1995; Vargas-Caballero and
Robinson, 2003; Kampa et al., 2004) have shown that, following rapid membrane depolarization,
Mg”", unblock from native NMDA receptors of an undefined subunit composition actually
contains both fast (t < 1 ms) and slow (t = 3-20 ms) components. Because the identity of the
NR2 subunit within a functional NMDA receptor influences many channel properties
(Dingledine et al., 1999), we first investigated whether the kinetics of Mg, unblock are also
NR2 subunit dependent. To obtain a homogenous population of NMDA receptors with a defined
subunit composition, we co-transfected HEK 293T cells with the cDNA for the NR1-1a subunit
and the cDNA for one of the four NR2 subunits (NR2A-D). HEK 293T cells are well suited for
these experiments because the cells are electrotonically compact, which eliminates any slow
changes in current due to poor space clamp as may be seen with neuronal cells (Vargas-
Caballero and Robinson, 2003).

We first applied depolarizing voltage steps from -65 mV during long applications (15 s)
of NMDA in the absence and presence of Mg®", (Fig. 4A, B). Long applications of NMDA
allowed whole-cell currents to reach a steady-state level despite varying degrees of
desensitization between NMDA subtypes (Dingledine et al., 1999). In the presence of
physiological concentrations of Mg®", (1 mM), NR1/2A and NR1/2B receptor mediated currents
were largely blocked at -65 mV (94.7 + .6 % and 96.1 + 1.3 %, respectively), while NR2C and
NR2D receptors showed substantially less block (78.6 + .4 % and 77.9 + 2.0 %, respectively).
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Figure 4. Protocol used to investigate the kinetics of Mg**, unblock from recombinant
NMDA receptors during steady-state response. 30 uM NMDA and 10 uM glycine
(“NMDA”) was applied (top trace) in the absence (A) and presence (B) of 1 mM added Mg”",
during standard whole-cell recordings from an HEK 293T cell expressing NR1/2B receptors.
Once the current (bottom trace) had reached a stationary level, three depolarizing voltage jumps
(here, -65 to 35 mV) were applied (middle trace). Following termination of NMDA application,
another identical set of depolarizing voltage jumps were applied to allow for off-line leak and
capacitance subtraction. All 3 sweeps in the absence and presence of NMDA were averaged

before subtraction. Current traces were re-filtered at 1 kHz for display.

29



This is consistent with previous reports (Monyer et al., 1994; Kuner and Schoepfer, 1996; Qian
et al., 2005) showing that NR1/2C and NR1/2D receptors have a lower affinity for Mg, than
NR1/2A and NR1/2B receptors.

A depolarizing voltage jump to 35 mV relieves the voltage-dependent block by Mg*",
from all receptor subtypes, and allows outward current flow. However, in response to a
depolarizing voltage step, outward currents in the presence of 1 mM Mg, from both NR1/A
and NR1/2B receptors developed with both fast and slow components (Fig. 5A;, B,). The
observed slow component is predominately due to Mg*", unblock because the same voltage jump
performed in the absence of Mg2+o results in a more rapid relaxation of outward current (Fig.
5A1, 2B;). Strikingly, following an identical depolarizing voltage jump, Mg**, unblocks from
NR1/2C and NR1/2D receptors very rapidly, with no obvious slow component (Fig. 5C,, D,).
The kinetics of outward currents from NR1/2C and NR1/2D receptors following a depolarizing
voltage jump were also rapid in the absence of Mg”’, (Fig. 5Cy, D1). Thus, unlike NR1/2A and
NR1/2B receptors, under these experimental conditions there is no slow Mg*", unblock from
NR1/2C or NR1/2D receptors.

To quantify the kinetics of Mg”", unblock, we fit currents in response to voltage jumps
from -65 to 35 mV with a single or double exponential function (Fig. 5). In the absence of added
Mg*",, the current relaxation from all receptor subtypes was dominated by a single fast (sub-ms)
component. However, we did observe a small slow component of outward current relaxation in
the absence of added Mg”**, from both NR1/2A and NR1/2B receptors (Fig. 5A;, B1). Slow
relaxation of NMDA mediated current following depolarizing voltage jumps in the absence of
Mg2+0 has been previously reported (Benveniste and Mayer, 1995; Spruston et al., 1995), but see
(Vargas-Caballero and Robinson, 2003; Kampa et al., 2004). In our hands the kinetics of current
relaxation following a depolarizing voltage jump to 35 mV with zero added Mg*", are dominated
by a fast (sub-ms) component, with the slow component having a small percent amplitude (<
15%) that in every case is significantly (p < .01) less than the amplitude of the slow component
in the presence of Mg*", (Supplemental Tables 1).

In the presence of Mg”,, NR1/2A and NR1/2B receptor currents were well fit by a
double exponential function, while a single exponential function provided excellent fits of
currents from NR1/2C and NR1/2D receptors both in the presence and absence of Mg2+0 (Fig. 5).

The tau of the fast component (t,) did not differ significantly between any of the receptor
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Figure 5. The Kinetics of Mg**, unblock are NR2 subunit dependent. Whole-cell currents
are shown from NR1/2A (AB;, Az), NR1/2B (B4, B;), NR1/2C (C4, Cy), and NR1/2D (D3, D5)
receptors during a 500 ms depolarizing voltage step from -65 to 35 mV. The voltage steps were
applied either in the absence (A; — Di) or in the presence of 1 mM Mg”’y (A; — Dy). A
prominent slow relaxation of the outward current is present within records from NR1/2A and
NR1/2B receptors when the depolarizing voltage jump is applied in the presence of 1 mM Mg*",,
indicating a slow component of Mg®", unblock. In contrast, the outward current from NR1/2C
and NR1/2D receptors in response to a depolarizing voltage jump relaxes with a single, fast
component both in the absence and presence of Mg”',. “NMDA” indicates that the currents are
recorded in the presence of 30 uM NMDA and 10 uM glycine. The timing of the voltage jump
is indicated by traces above A; and A; and the O current level is indicated by a dashed line.
Double (A1 — By) or single (C; — D) exponential fits are overlaid (grey lines). Note the different
scale bars in panels B1 & B2 due to potentiation of NR1/2B receptors by Mg”*, (Paoletti et al.,
1995).
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subtypes, or depend on the presence of Mg”",, with a value of ~.5 ms under all conditions (Table
1). The tau of the slow component (t2) of Mg*", unblock from NR1/2A and NR1/2B receptors
was significantly (p < .0001) slower than t;, with values of 4.80 + .39 ms for NR1/2A (n = 6)
and 9.15 + .83 ms for NR1/2B receptors (n = 8). In addition, 1, was significantly (p < .005)
slower from NR1/2B than from NR1/2A receptors (see below). In both NR1/2A and NR1/2B
receptors the slow component accounted for ~40 % of the total current.

It is possible that we missed a small slow component of Mg*", unblock from NR1/2C and
NR1/2D receptors because they are less effectively blocked by 1 mM Mg*", than NR1/2A and
NR1/2B receptors (Monyer et al., 1994; Kuner and Schoepfer, 1996; Qian et al., 2005). To test
this possibility, we raised Mg*", to 5 mM, a concentration at which inhibition of NR1/2D
receptor responses is comparable to inhibition of NR1/2B receptor responses by 1 mM Mg
Even under these conditions there was no hint of a slow component of Mg*", unblock from
NR1/2D receptors (Fig. 6). The kinetics of Mg®", unblock from NR1/2D receptors were similar
in the presence of 1 and 5 mM Mg2+0, with time constants of 0.25 + 0.01 ms and 0.30 + 0.07 ms,
respectively. The kinetics of Mg*", unblock from NR1/2A and NR1/2B receptors in the
presence of 5 mM also were similar to those observed in the presence of 1 mM Mg*", (Table 1).
Thus, the kinetics of Mg”*", unblock are determined by the identity of the NR2 subunit, with slow
Mg**, unblock only occurring from NMDA receptors that contain either the NR2A or NR2B

subunit.

2.4.2 Voltage Dependence of Slow Mg**, Unblock

To further characterize slow Mg”>", unblock from NR1/2A and NR1/2B receptors, we applied
depolarizing voltage jumps from rest to test voltages from -45 to 35 mV using a protocol similar
to that shown in Figure 1. The resulting currents were fit with single or double exponential
equations. In the presence of 1 mM Mg*", a double exponential equation was required for
adequate fits of currents in response to voltage jumps to each of the tested voltages indicating
slow Mg*", unblock occurs throughout the physiological range of membrane voltages.

For both NR1/2B and NR1/2A receptors, t; did not depend on the amplitude of the
depolarization (p > .05, ANOVA), which enabled us to average the results across all test

voltages. The averaged values for t; did not significantly depend on NR2 subunit identity or the
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Table 1. Depolarization induced current relaxations in the presence of 30 pM NMDA and 10
uM glycine in the absence and presence of Mg,
NR1/2A receptors  [Mg®*o] 71 (MS) 7, (MS) Asiow (%)
0 0.27 +£0.02 N/A N/A
-65 t0 -45 mV
1 0.19+0.03 2.46 +0.58 19.4+2.7
0 0.30+0.05 N/A N/A
-65 to -25 mV
1 0.65 +0.09 3.58+0.31* 31.0+44
0 0.28 + 0.07 4.58 +1.60 5.52+1.19
-65to 15 mV
1 0.30+0.04 4.17+0.21 * 33.0+2.2
0 0.38+£0.13 4344+0.65* 8.54 +2.02
-65to 35 mV 1 0.46 +0.07 4.80+0.39 * 346+ 3.0
5 0.42 +0.04 456 +0.44 * 36.2+2.8
NR1/2B receptors  [Mg?] 1 (MS) T2 (MS) Asiow (%)
0 0.14 +0.06 N/A N/A
-65 to -45 mV
1 0.20+0.06 3.794+0.56 28.34+5.84
0 0.38 +£0.05 N/A N/A
-65 to -25 mV
1 0.61 +0.09 8.02+0.52 * 36.83 +2.51
0 0.48 +0.21 5.62+2.29 9.29+3.35
-65to 15 mV
1 0.74 +0.24 7.81 +£0.77 * 36.89 +0.62
0 0.54+0.12 7.87+0.72 * 15.53 +1.86
-65t0 35 mV 1 0.69+0.17 9.15+0.93 * 4474 +4.76
5 0.43+0.08 9.46 +1.23 * 40.75 + 2.69
-65to 35 mV
(pH 8.2) 1 0.38 +0.01 3.93+0.77 327+1.3
NR1/2C receptors [Mg?* ] 71 (MS) T2 (MS) Asiow (%0)
0 0.29+0.04 N/A N/A
-65to 35 mV
1 0.28 +£0.20 N/A N/A
NR1/2D receptors  [Mg*] 71 (M) T, (Ms) Asiow (%0)
0 0.23 +£0.04 N/A N/A
-65 to 35 mV 1 0.25+0.01 N/A N/A
5 0.30 £0.07 N/A N/A

Membrane voltage was changed during steady-state responses from HEK 293T cells expressing NR1
and the indicated NR2 subunit. * indicates a significant (p > .01) difference between the values from
NR1/2A and the corresponding value from NR1/2B receptors. Values are shown as mean + SEM.
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Figure 6. Mg"", unblocks rapidly from NR1/2D receptors even at high [Mg*T.
Superimposed whole-cell currents during a voltage jump from -65 to 35 mV from NR1/2B
receptors in the presence of 30 uM NMDA, 10 pM glycine, and 1 mM Mg*", (thin trace), or
NR1/2D receptors in the presence of 30 pM NMDA, 10 puM glycine, and 5 mM Mg*", (thick
trace). Currents are normalized to the steady-state outward current at 35 mV. Note the
comparable level of inward current mediated by each of the two receptor isoforms. Voltage

change indicated by the top trace.
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presence of Mg*",, with values of .40 + .11 ms (n = 16) and .31 + .02 ms (n = 19) for NR1/2A
receptors and .52 + .23 ms (n = 19) and .38 + .13 ms (n = 15) for NR1/2B receptors in the
presence and absence of Mg>",, respectively. In contrast, T, from NR1/2B receptors was
significantly slower than t, from NR1/2A receptors at most test voltages (Fig. 7A). Only in
response to the smallest amplitude voltage jump (-65 to -45 mV) was 1, not significantly
different between NR1/2A and NR1/2B receptors. T, from both NR1/2A and NR1/2B receptors
did show weak voltage-dependence (p < .05, ANOVA), becoming slower as the amplitude of the
depolarizing step increased (Fig. 7). The amplitudes of the slow component (Agow) of Mg*",
unblock from NR1/2A and NR1/2B receptors was not significantly different (Fig. 4B), carrying
roughly 40 % of the total depolarization-induced current relaxation at all test voltages. Agow did
not display any significant voltage dependence (p > .05, ANOVA) in either NR1/2A or NR1/2B
receptors, although there was a trend for Agow to increase as the amplitude of the voltage jump
increased.

If the slow component of Mg”", unblock resulted from slow unbinding of Mg”", from
open NMDA receptor channels, 1, should be strongly voltage dependent and become faster with
depolarization. Instead, we found that slow Mg*", unblock is only weakly voltage dependent and
becomes slower with depolarization (Fig. 7A), in agreement with previous data from native
NMDA receptors (Vargas-Caballero and Robinson, 2003). Thus, it is likely that the kinetics of
slow Mg, unblock arise from slow exit of NMDA receptor channels from one or more closed
block state(s) (see Discussion).

In the presence Mg”",, returning the voltage to -65 mV caused rapid reblock of the
channel (Fig. 8A, B). However, following depolarizations to -25, 15, and 35 mV a slow phase of
Mg*", block was also present (Fig. 8A, B). In cells with large enough responses to allow
adequate signal to noise ratios, we fit the slow portion of Mg*", reblock with a single exponential
equation. The slow phase of Mg”", reblock of NR1/2B receptors was significantly slower than
the slow phase of Mg”", reblock of NR1/2A receptors following repolarization to -65 mV from -
25, 15, and 35 mV (Fig. 8C). In contrast, currents from NR1/2C and NR1/2D receptors showed
very rapid reblock, which was well fit with a single exponential component with a t of less than
1 ms (data not shown). Together, these data indicate that the kinetics of both Mg”", unblock and

reblock during rapid voltage changes are strongly dependent on the identity of the NR2 subunit.
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Figure 7. Quantification of the subunit and voltage dependence of Mg?*, unblocking
kinetics. Results from double exponential fits to NR1/2A (black circles) and NR1/2B (grey
squares) receptor currents in response to a depolarizing voltage jump from rest (-65 mV) to the
indicated test voltages in the presence of 30 uM NMDA, 10 pM glycine, and 1 mM Mg*’,. A.
Pooled results of 1,. 1, from fits to NR1/2B receptor currents was significantly slower than t,
from fits to NR1/2A receptor currents at all test voltages except -45 mV. 1, of both NR1/2A and
NR1/2B receptors also showed weak voltage dependence, becoming significantly slower as the
amplitude of the depolarizing voltage jump became larger. B. Pooled results of Agow. Asiow did
not differ significantly between NR1/2A and NR1/2B receptors and did not show any significant
voltage dependence. *p <.01, **p <.005.
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Figure 8. Slow reblock of Mg?*,. Example traces from NR1/2A (A) and NR1/2B (B) receptors
after the voltage was returned to -65 mV following a 500 ms depolarization to 35 mV in the
presence of 30 uM NMDA, 10 uM glycine, and 1 mM Mg*",. The majority of Mg*", reblock
occurs in under 1 ms (indicated by rapid Mg®", reblock). However, a slow phase of Mg*",
reblock is present, which delays the return to baseline current (indicated by dashed black line).
Insets. Single exponential fits of the slow phase of Mg®", reblock are overlaid as grey lines. C.
Pooled results from fits to the slow phase of Mg*", reblock. The time constant (t.of slow of
Mg, reblock of NR1/2B receptors (grey squares) is significantly slower than the t. of slow
Mg*", reblock of NR1/2A receptors (black circles) following repolarization to -65 mV from
either -25, 15 or 35 mV. ** p<.01, * p <.05.
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2.4.3 Dependence of Mg?*, unblocking kinetics on agonist concentration

Previous experiments investigating slow Mg*", unblock have disagreed as to the time course of
slow unblock, varying from a single slow component with a T of 14-23 ms (Vargas-Caballero
and Robinson, 2003) to two slow components, one with a T of ~4 ms and one with a t > 100 ms
(Kampa et al., 2004). One prominent difference between these previous studies is the
concentration of agonist used to activate NMDA receptors; Vargas-Caballero & Robinson (2003)
used 25 uM NMDA where as Kampa et al (2004) used 1 mM glutamate. To determine if the
kinetics of Mg*", unblock are dependent on the agonist concentration used to activate the
receptors, we repeated the protocol described in Figure 1 using 1 mM glutamate or NMDA.
Again, in response to a voltage step from -65 to 35 mV, currents from NR1/2A and NR1/2B
receptors displayed a prominent slow component of Mg*", unblock (Fig. 9A, B). In contrast,
Mg*", unblock from NR1/2C and NR1/2D receptors was dominated by a single fast component
(t <1 ms, Table 2), as observed previously in lower agonist conditions.

Unlike results using 30 uM NMDA, Mg”", unblock from NR1/2A and NR1/2B receptors
in these high agonist concentrations required a triple exponential equation for an adequate fit
(Fig. 9C). The tau of the fast component (1) of Mg®", unblock did not differ significantly
between NR1/2A and NR1/2B receptors (Fig. 9D), or depend on the agonist concentration. In
contrast, the tau of the dominant slow component (t,) of Mg”", unblock from NR1/2A receptors
was significantly (p < .005) faster in 1 mM glutamate as compared to the corresponding T, of
Mg*", unblock in the presence of 30 pM NMDA. This was also true for the 1, of Mg®", unblock
from NR1/2B receptors. It seems reasonable to compare these two components because the third
component observed only in high agonist conditions was not NR2 subunit dependent, had a time
constant (t3) of several hundred milliseconds, and had a small (< 10%) amplitude (Fig. 9 D, E).
Despite showing faster kinetics at high agonist concentrations, the t, of Mg*", unblock was still
NR2 subunit dependent; NR1/2B receptor 1, was significantly slower and had a significantly
larger amplitude than the corresponding 1, from NR1/2A receptors (Fig. 9 D, E).

For both NR1/2A and NR1/2B receptors, the main difference between the kinetics of

Mg”", unblock in 30 pM NMDA versus 1 mM glutamate was an acceleration of the prominent
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Figure 9. Kinetics of Mg, unblock in high agonist concentration. A, B. Examples of the
current response to a depolarizing voltage jump (-65 to 35 mV) in the presence of 1 mM
glutamate and 10 uM glycine (termed “Glu”) and 1 mM Mg2+0 from NR1/2A (A) or NR1/2B (B)
receptors. C. Examples of double (top) and triple (bottom) exponential fits to NR1/2B receptor
mediated currents in response to the voltage jump. A triple exponential equation was also
required to obtain adequate fits of NR1/2A receptor mediated currents (data not shown). D, E.
Pooled results from triple exponential fits of whole-cell current responses to a depolarizing
voltage jump from NRI1/2A (n = 4, black bars) and NR1/2B (n = 4, grey bars) receptors. The
kinetics of the prominent, intermediate slow component (t,) of Mg*", unblock is significantly
slower and the relative amplitude significantly larger from NR1/2B than from NR1/2A receptors.
*p <.01, **p <.0005.
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Table 2. Depolarization induced current relaxations in the presence of high agonist
concentrations and the absence and presence of 1 mM Mg®*,

NR1/2A receptors; 1 mM NMDA, 10 uM glycine

g o T1 (IMS T2 (IMS T3 (MS slow (70 slow2 (70

[Mg?**] (ms) (ms) (ms) Asiow (%) Asiow2 (%)
0 0.21 +0.05 N/A 158.9 +30.3 N/A 2.6+0.1
1 032+0.05 1.87+0.50* 296.7+1342 28.1+1.7%* 53+1.2

NR1/2B receptors; 1 mM NMDA, 10 uM glycine

[Mg™o] 1 (ms) T2 (Ms) T3 (MS) Agiow (%0) Asiowz (%6)
0 0.19 +0.04 346 +095 1350+ 11.4 153+2.2 1.1+1.0
1 030+0.04 512+030* 1142+40.1 424+36%* 29+0.6

NR1/2A receptors; 1 mM glutamate, 10 uM glycine

[Mg®o] 7 (ms) T2 (Ms) T3 (MS) Agiow (%0) Asiowz (%6)
0 0.194+0.02 N/A 205.4+49.0 N/A 6.4+0.6*
1 0.234+0.05 1.89+0.14* 216.3+30.7 28.0+29* 8.0+1.5

NR1/2B receptors; 1 mM glutamate, 10 uM glycine

[Mg™o] 1 (ms) T2 (Ms) T3 (MS) Agiow (%0) Asiowz (%6)
0 0.194+0.02 431+096 3252+172.2 104+ 1.0 33+0.7*
1 0.34+0.03 443+0.28* 357.84+62.7 44.0+25* 7.0+2.0

Membrane voltage was stepped from -65 to 35 mV during the steady-state response from
HEK 293T cells expressing the NR1 and the indicated NR2 subunit. * indicates a
significant (p > .01) difference between the values from NR1/2A and the corresponding
value from NR1/2B receptors. Values are expressed as mean + SEM.
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slow component of unblock (termed t, in both agonist conditions). This could be an agonist
specific difference, but this is unlikely because similar results to those shown with 1 mM
glutamate were obtained using 1 mM NMDA (Table 2). Instead, this difference may result from
an increase in channel open probability (Popen) that results from increasing agonist concentration.
The hypothesis that a larger Pgpen leads to a faster 1, of Mg2+0 unblock is consistent with our
observation that 1, is faster from NR1/2A than NR1/2B receptors (Fig. 7): NR1/2A receptors
have a higher Pypen than NR1/2B receptors (Chen et al., 1999b; Erreger et al., 2005).

Based on this hypothesis, any manipulation that raises the Pypen 0of the receptor should
accelerate the slow component of Mg”", unblock. To test this hypothesis, we repeated the
protocol in Figure 1 with NR1/2B receptors at pH 8.2, which reduces proton inhibition (Giffard
et al., 1990; Tang et al., 1990; Traynelis and Cull-Candy, 1990) and hence raises Popen. Under
these conditions 1, was significantly (p = .02) accelerated from 9.15 + .93 ms at pH 7.2 to 3.93 +
0.77 ms at pH 8.2. Agow Was also reduced from 44.7 + 4.8 % at pH 7.2 to 32.7 + 1.3 % at pH
8.2, although this difference did not reach statistical significance. These data support the
hypothesis that the differences in Mg, unblock from NR1/2A and NR1/2B receptors are due to

differences in Popen.

2.4.4 Effect of the timing of membrane depolarization on Mg, unblocking

kinetics

The relative timing of synaptic NMDA receptor activation and postsynaptic depolarization plays
a critical role in determining whether Ca®" influx via NMDA receptors will lead to long term
changes in synaptic strength (Magee and Johnston, 1997; Markram et al., 1997; Bi and Poo,
1998). Previous work has shown that the kinetics of Mg*", unblock from native NMDA
receptors also depend on the relative timing of receptor activation and postsynaptic
depolarization; unblock was slower following prolonged receptor activation (Kampa et al.,
2004). We next determined if the kinetics of Mg”", unblock are NR2 subunit dependent when
unblock is stimulated shortly following receptor activation.

For these experiments we used lifted HEK 293T cells, which allowed rapid exchange of
the external solution (90 % complete in < 1 ms). To verify that glutamate application to lifted

HEK 293T cells transfected with NR1/2A or NR1/2B receptors was rapid, we measured the rise
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time of NMDA currents. The 10-90 % rise times of currents activated by 1 mM glutamate in the
presence of | mM Mg”', at a constant membrane potential of -65 mV was: NR1/2A receptors,
4.87 + .61 ms (n = 6); NR1/2B receptors, 9.95 + 1.39 ms (n = 5). These are similar to previously
published values for the rise times of NR1/2A and NR1/2B receptor currents in the absence of
Mg*", (Chen et al., 1999b; Erreger et al., 2005).

In the presence of 1 mM Mg”",, rapid glutamate applications at 35 mV resulted in large
outward currents, while current responses to glutamate applications at -65 mV were largely
blocked in both NR1/2A and NR1/2B receptors (Fig. 10 A,B). Voltage jumps from -65 to 35
mV applied after a ~15 ms delay following glutamate application resulted in outward currents
which relaxed towards the current observed during glutamate application with the cell held at 35
mV. However, the current in response to the voltage jump did not immediately join the current
during the glutamate application at 35 mV, indicating a slow component of Mg, unblock (Fig.
10 A,B). The voltage jump was time-locked to barrel movement signal, which resulted in some
jitter between receptor activation and membrane depolarization due to variability in the distance
between the barrels and the lifted cell. However, the average timing between receptor activation
and membrane depolarization was similar in NR1/2A (15.0 ms) and NR1/2B (14.3 ms) receptors.

To quantify the kinetics of Mg*", unblock, the current in response to the voltage jump
was normalized to the current evoked by glutamate application while the cell was held at 35 mV.
The normalized currents in response to these voltage jumps that occurred shortly after receptor
activation were well fit with a double exponential equation. A triple exponential equation was
not needed because a very slow component (t of several hundred ms), which was observed when
a prolonged application of 1 mM glutamate preceded the voltage jump, was absent. The time
constant of the fast component (t;) of unblock did not differ significantly between NR1/2A and
NR1/2B receptors with values of 0.22 + 0.04 ms and 0.24 + 0.06 ms, respectively. In contrast,
the time constant of the slow component (t,) of Mg*", unblock from NR1/2B receptors, 3.69 +
.38 ms, was significantly (p < .01) slower than from NR1/2A receptors, 2.13 + .27 ms. In these
experiments the amplitude of the slow component was similar for NR1/2A and NR1/2B
receptors, with values of 32.2 + 8.3 % and 44.1 + 7.8 %, respectively. Thus, our data suggest
that the kinetics of Mg*", unblock depend slightly on the timing between receptor activation and
membrane depolarization, with a very slow component (t > 100 ms) occurring only after

prolonged receptor activation. However, in all situations Mg, unblock proceeds more rapidly
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Figure 10. Mg®, unblock near the time of onset of NMDA receptor activity. A, B.
Example traces during a rapid application of 1 mM glutamate in the presence of 1 mM Mg*",
either while the cell was held at 35 mV (thin trace) or during a voltage-jump from -65 to 35 mV
(thick trace) from NR1/2A receptors (A) and NR1/2B receptors (B). The timing of the voltage
jump and the barrel movement are indicated by the middle and bottom traces respectively.

Current traces were re-filtered at 1 kHz for display.
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from NR1/2A than from NR1/2B receptors.

2.45 Effect of varying the duration of depolarization on Mg?*, unblock

Ca”" influx through NMDA receptors plays a critical role in many physiological processes. The
kinetics of Mg”", unblock during membrane depolarization determines how many NMDA
receptors become unblocked and hence available to pass inward current upon membrane
repolarization. The repolarization-induced peak of inward current (Ieak) is of particular interest
because it is the point at which the largest NMDA receptor-mediated Ca’" influx occurs
(Garaschuk et al., 1996). During brief depolarizations, slow Mg*", unblock should reduce the
fraction of NMDA receptors from which Mg*", unblocks, and thus the fraction of receptors
available to pass inward current during repolarization. In addition, brief depolarizations should
be less effective at stimulating Mg”", unblock from NR1/2B receptors (from which Mg*",
unblock occurs more slowly) than from NRI1/2A receptors. Thus, the L. following brief
depolarizations should be reduced compared to the L. following long depolarizations, and the
reduction should be greater for NR1/2B than NR1/2A receptors. To test these hypotheses, we
applied rapid voltage jumps from rest to 35 mV of varying duration (1, 2, 5, 10, 50 ms) in the
presence of 1 mM glutamate and 1 mM Mg”*",. Because there is not a strong effect of the timing
between receptor activation and membrane depolarization on the kinetics of Mg*", unblock (see
above), depolarizations were applied during prolonged agonist application (similar to Fig. 4).
This allowed multiple voltage jumps to be applied during a single agonist application.
Depolarizations were separated by 100 ms intervals, which is more than 10-fold longer than the t
of the slow component of Mg*", reblock, allowing steady-state block to be reached between each
depolarization.

As expected, longer duration depolarizations resulted in a larger Iy (Fig. 11A).  To
quantify the relationship between depolarization duration and Inea, all Iy values were
normalized to the I e following a 50 ms depolarization. In experiments from both NR1/2A and
NR1/2B receptors, 1 ms depolarizations induced an .. that was less than 70 % of the Ipcax
following a 50 ms depolarization (Fig. 11B). Only after the depolarization duration was
increased to 10 ms was the I, not significantly smaller than the I following a 50 ms

depolarization. In addition, following depolarizations of less than 10 ms, the normalized Ipeax
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from NR1/2A receptors were significantly larger than the normalized IL,.x from NR1/2B
receptors (Fig. 11B). Thus, slow Mg”", unblock blunts inward currents through NR1/2A and
NR1/2B receptors following brief depolarizations. However, brief depolarizations (< 10 ms) are
able to stimulate more Mg”", unblock from NR1/2A than from NR1/2B receptors.

Although square voltage jumps are easily applied experimentally, physiological voltage
changes occur with slower rising and falling phases. Recently, there has been a strong interest in
back-propagating APs (b-APs) invading the dendritic tree and providing the depolarization
needed for Mg**, unblock of NMDA receptors during synaptic activity (Magee and Johnston,
1997; Markram et al., 1997; Bi and Poo, 1998). Within dendrites near the soma b-APs are rapid,
often having a half-width of less than 2 ms. Further out in the dendritic tree the b-AP half-width
can be > 10 ms (Bernard and Johnston, 2003). In all instances the rising and falling phases of b-
AP waveforms are slower than the square pulses we have employed above.

To test if the NR2 subunit-dependent differences in Mg*, unblocking kinetics also
impact NMDA receptor activity during physiological depolarizations, we voltage-clamped
transfected HEK 293T cells to AP waveforms. Three waveforms were used: an unmodified AP
recorded from the soma of a hippocampal CA1 pyramidal cell (termed somatic AP), and two
APs that we modified so the duration at the most depolarized voltage was 5 ms (5 ms extended
AP) or 25 ms (25 ms extended AP). The ability of each waveform to generate inward current
through NMDA receptors following Mg”>", unblock was quantified by measuring the peak
inward current during the repolarizing phase of the APs (Ipcakap). The 25 ms extended AP
should give maximum Mg2+0 unblock from both NR1/2A and NR1/2B receptors. Thus, Ipea ap
induced by the somatic AP and by the 5 ms extended AP were normalized to Lycak ap induced by
the 25 ms extended AP. The normalized values of I cu ap for the 5 ms AP were close to 1 for
both NR1/2A and NR1/2B receptors (Fig. 11C,D). This suggests that the 5 ms and 25 ms
extended APs induced a similar amount of Mg%0 unblock. In contrast, the normalized values of
Ipeakap for the somatic AP were significantly (p <.001) less than 1 for both NR1/2A and NR1/2B
receptors (Fig. 11C,D). Thus, the somatic AP was too brief to stimulate full Mg*", unblock from
either NR1/2A or NR1/2B receptors. The normalized value of I,caap for the somatic AP was
also significantly smaller for NR1/2A than for NR1/2B receptors (Fig. 11D). This suggests that
somatic APs are more effective at stimulating Mg, unblock from NR1/2A than from NR1/2B

receptors. Thus, during synaptic activity, postsynaptic APs coincident with presynaptic
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Figure 11. Brief depolarizations are more effective at stimulating Mg*, unblock from
NR1/2A than from NR1/2B receptors. A. Superimposed currents from NR1/2A (black) and
NR1/2B (red) receptors (lower traces) during depolarizations of varying duration (1, 2, 5, 10, and
50 ms; indicated by top traces) in the presence of 1 mM glutamate, 10 uM glycine, and 1 mM
Mg2+0. Currents are normalized to the . value following a 50 ms depolarization. The value of
IBpcax following the 50 ms depolarization is indicated by a dotted line. Inset. Blow-up of the
normalized inward peaks in response to the briefest depolarizations (1, 2, and 5 ms). B.
Comparison of the I, values following depolarizations of varying duration. Results are from
NRI1/2A (n =5, black) and from NR1/2B (n = 4, red) receptors. I,ca values were normalized to
the Iy following a 50 ms depolarization. C. Superimposed currents (lower traces) from
NR1/2A (black) and NR1/2B (red) receptors during three APs (somatic, 5 ms extended, and 25
ms extended; upper traces) in the presence of 1 mM glutamate, 10 uM glycine, and 1 mM Mg’
Traces are normalized to the I e, AP induced by the 25 ms extended AP. D. Pooled ratios of
Ipea, AP values in response to the somatic or 5 ms extended APs normalized to the Ipea, AP
value in response to the 25 ms extended AP. Results are from NR1/2A (black bars) and NR1/2B
(red bars) receptors. **p <.0005, *p <.01.
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glutamate release are more effective at stimulating Mg*", unblock from NR1/2A than from

NR1/2B receptors.

2.5 DISCUSSION

Many pharmacological and biophysical properties of NMDA receptors are, at least in part,
determined by the identity of the NR2 subunit (Dingledine et al., 1999). Our results show that
Mg**, unblocking kinetics are also NR2 subunit dependent. Mg*", unblocks from NR1/2A and
NR1/2B receptors with a prominent slow component that is not present when Mg*", unblocks
from NR1/2C or NR1/2D receptors (Fig. 5). In addition, the slow component of Mg**, unblock
from NR1/2A and NR1/2B receptors is not equivalent; Mg®", unblocks from NR1/2B receptors
more slowly than from NR1/2A receptors (Fig. 7). These NR2 subunit differences in Mg*",
unblock render brief depolarizations, including APs, more effective at stimulating Mg”*, unblock

from NR1/2A than from NR1/2B receptors (Fig. 11).

2.5.1 Comparison with previous studies

Our data are consistent with previous studies describing slow Mg®", unblock from native
hippocampal and cortical NMDA receptors (Spruston et al., 1995; Vargas-Caballero and
Robinson, 2003; Kampa et al., 2004) in that the hippocampus and cortex predominantly express
the NR2A and NR2B subunits (Monyer et al., 1994). Our data also provide potential
explanations for discrepancies between previous studies of the kinetics of Mg*", unblock. When
depolarizations occurred during prolonged receptor activation, Vargas-Caballero and Robinson
(2003) reported that slow Mg”", unblock had a single component (tq; > 10 ms), while Kampa et
al. (2004) reported that slow Mg”", unblock contained two components (ts; ~ 4 ms and g ~ 300
ms). One experimental difference between these two studies is the concentration of agonists
used to activate NMDA receptors. Vargas-Caballero and Robinson (2003) used 25 uM NMDA
whereas Kampa et al (2004) used 1 mM glutamate. We find that at high agonist concentrations

the main component of slow Mg%0 unblock is accelerated (from 1, between 5-9 ms to a 1,
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between 2-5 ms) and an additional very slow component (t = 200-400 ms) is discernable (Fig.
9). It is also likely that the 7, reported by Vargas-Caballero and Robinson (2003) was slower
than the 14 reported by Kampa et al (2004) because Vargas-Caballero and Robinson (2003) used
younger animals than Kampa et al (2004), which should express a higher percentage of NR1/2B
receptors.

The additional very slow component of Mg™", unblock is not present when
depolarizations occur shortly after agonist application (Fig. 40). This is in agreement with
Kampa et al (2004) and shows that the kinetics of Mg*", unblock depend on the relative timing of
receptor activation and membrane depolarization. However, following prolonged glutamate
application, we find that the very slow component of Mg**, unblock accounts for less than 10%
of the total outward current relaxation, rather than ~30% of the total outward current relaxation
reported previously (Kampa et al., 2004). The source of this discrepancy is not clear. Resolution
of this conflict is important because changes in the kinetics of Mg*", unblock with prolonged
receptor activation influences the time window for STDP induction (Kampa et al., 2004).

Several previously published models of NMDA receptor function (Jahr and Stevens,
1990a; Antonov and Johnson, 1999; Sobolevsky and Yelshansky, 2000) do not predict a slow
component of Mg, unblock in response to a depolarizing voltage jump (data not shown). To
explain the surprising observation of slow Mg*", unblock, two models have been proposed
(Kampa et al.,, 2004; Vargas-Caballero and Robinson, 2004). These models suggest that
occupation of the channel by Mg®’, moderately accelerates only the rate of channel closure
(Vargas-Caballero and Robinson, 2004), or accelerates the rates of channel closure and agonist
unbinding, along with increasing the occupancy of desensitized states (Kampa et al., 2004).
These models predict accurately the appearance of slow component(s) of Mg”", unlock. They
also are supported by the observed reduction in single-channel burst duration of cortical NMDA
receptors in the presence of Mg”, (Ascher and Nowak, 1988), as would be predicted if Mg”",
accelerates channel closure. These models, however, are not fully consistent with other
observations. If Mg%0 accelerates channel closure, the ICsq for Mg2+o inhibition of whole-cell
currents should be lower than the Mg2+0 Kq4 calculated from single-channel measurements, a
prediction that disagrees with previous measurements (Qian et al., 2002). Additional relevant
data involve the organic NMDA receptor channel blocker amantadine, which unblocks from

open channels even faster than Mg>’,. Burst analysis demonstrated that amantadine does
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moderately accelerate channel closure (Blanpied et al., 2005). Following a depolarizing voltage
step, amantadine, like Mg”",, exhibits a slow component of channel unblock. However, the slow
component of unblock is much slower for amantadine than for Mg*", (Blanpied et al., 2005).
These data suggest that a complete understanding of the mechanistic basis of the slow
component of Mg*", unblock awaits further research.

We have also described here a slow component of Mg, reblock of NR1/2A and NR1/2B
receptors (Fig. 8). This contrasts with previous studies (Spruston et al., 1995; Vargas-Caballero
and Robinson, 2003; Kampa et al., 2004), which report near instantaneous Mg2+0 reblock of
native NMDA receptors. Because the slow phase of Mg®", reblock observed here is small, it is
possible that it was not observed in previous studies using nucleated patches (Spruston et al.,
1995; Vargas-Caballero and Robinson, 2003; Kampa et al., 2004), which typically yield
relatively small currents. We were able to quantify slow Mg”", reblock only from whole-cell
records that had large currents (> 100 pA) at -65 mV in the presence of 1 mM Mg”’,. Although
of small amplitude, the slow phase of Mg*", reblock provides a relatively long window during
which highly significant Ca*" influx could occur following a postsynaptic AP that coincides with
synaptic input.

We have studied NMDA receptors containing one of the four NR2 subunits. However,
there is evidence that triheteromeric receptors, which contain more than one type of NR2
subunit, exist within many brain regions, including the cortex (Sheng et al., 1994; Chazot and
Stephenson, 1997; Luo et al., 1997), cerebellum (Chazot et al., 1994; Cathala et al., 2000;
Brickley et al., 2003), and substantia nigra (Jones and Gibb, 2005). Co-expression of the NRI,
NR2A, and NR2D subunits in Xenopus oocytes yields a receptor with many characteristics
intermediate between NR1/2A and NR1/2D receptors (Cheffings and Colquhoun, 2000). It is
tempting to speculate that triheteromeric receptors would show intermediate Mg”", unblocking
kinetics. However, testing this hypothesis would be challenging because presently it is difficult

to isolate triheteromeric receptors within heterologous systems (Vicini et al., 1998).

2.5.2 Implications for synaptic plasticity

Ca”" influx through NMDA receptors during coincident synaptic activity and postsynaptic

depolarization underlies long-term changes in synaptic strength at many synapses (Bliss and
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Collingridge, 1993). However, not all NMDA receptors are equivalent. Because NR1/2C and
NR1/2D receptors have a lower affinity for Mg®", (Monyer et al., 1994; Kuner and Schoepfer,
1996; Qian et al., 2005), they allow significant Ca*" influx near typical resting membrane
potentials where NR1/2A and NR1/2B receptors are more than 95% blocked. In addition, we
show here that the relatively weak Mg”", block of NR1/2C and NR1/2D receptor currents is
more rapidly relieved upon depolarization than Mg**, block of NR1/2A and NR1/2B receptor
currents (Fig. 5). Thus, Mg®", block has a stronger influence on NR1/2A and NR1/2B receptor
currents than NR1/2C and NR1/2D receptor currents, rendering NR1/2A and NR1/2B receptors
are more effective coincidence detectors.

Several recent studies have suggested that selective NR1/2A receptor activation leads
preferentially to long-term potentiation (LTP), while selective NR1/2B receptor activation leads
to long-term depression (LTD) (Liu et al., 2004; Massey et al., 2004; Kim et al., 2005; Mallon et
al., 2005). Based on proposed differences in the Ca”" threshold for LTP and LTD induction
(Bienenstock et al., 1982; Cormier et al., 2001), our data suggest a mechanism that could help
differentiate the physiological impact of NR1/2A and NR1/2B receptor activation. In response
to brief membrane depolarizations, the relatively faster unblock of Mg®", from NR1/2A receptors
would result in greater Ca*" influx (Fig. 41), favoring LTP, while the relatively slower unblock
of Mg*", from NR1/2B receptors would result in lower Ca®" influx, favoring LTD. It should be
noted, however, that it is unlikely that there is an exclusive association of NR1/2A receptors with
LTP and of NR1/2B receptors with LTD (Tang et al., 1999; Berberich et al., 2005; Toyoda et al.,
2005; Weitlauf et al., 2005; Neyton and Paoletti, 2006).

In many studies of the NR2 subunit dependence of synaptic plasticity, induction
protocols that involve pairing of presynaptic stimulation with prolonged postsynaptic
depolarization are used. Such induction protocols reduce the relevance of the kinetics of Mg*",
unblock. We also expect slow Mg**, unblock to have limited impact during relatively small
synaptic depolarizations: slow unblock time constants are faster, amplitudes are smaller, and
NR2 subunit-dependent differences are smaller at more hyperpolarized potentials (Fig. 7). The
kinetics of Mg”", unblock are most clearly of critical importance when plasticity is induced with
STDP protocols, which pair synaptic input with postsynaptic APs (Magee and Johnston, 1997;
Markram et al., 1997; Bi and Poo, 1998). The NR2 subunit differences in Mg2+0 unblock
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kinetics reported here should help determine the magnitude of Ca®" influx mediated by NR1/2A

and NR1/2B receptors in response to brief, large amplitude depolarizations such as APs.
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3.0 MODULATION OF NR1/2B RECEPTOR ACTIVATION BY MEMBRANE
VOLTAGE

3.1 ABSTRACT

Ligand-gated ion channels, such as NMDA receptors, are activated by binding of agonists.
However, previous work has suggested that the gating of some ligand-gated channels is also
modulated by membrane voltage. Here we demonstrate a depolarization-induced enhancement
of NR1/2B receptor-mediated currents. Potentiation of NR1/2B receptor currents at depolarized
voltages is manifested by a slow component of current relaxation in response to membrane
depolarization. In addition, stepping the cell membrane from a positive to a negative potential
induces a tail current that increases as the starting voltage is made increasingly more positive.
Based on experiments in 0 Mg*",, we develop a kinetic model of NR1/2B receptor activation
which incorporates weak inherent voltage dependence of gating. This model not only accurately
predicts current relaxations in response to membrane depolarization in 0 Mg*",, but the model
also accounts for the previously described slow component of Mg®, unblock. The voltage
dependence of NR1/2B receptor gating is not strong enough to result in significant enhancement
of NR1/2B receptor currents during rapid, or small, depolarizations such as AP waveforms.
However, the NR1/2B Model can partially reproduce the voltage dependence of NMDA-EPSC

decay previously reported at several synapses.

3.2 INTRODUCTION

NMDA receptors are a subtype of ligand-gated, ionotropic glutamate receptors that participate in

fast excitatory synaptic transmission throughout the mammalian CNS. Functional NMDA
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receptors are heterotetramers, most commonly composed of NR1 and NR2 subunits. There are
eight NR1 subunit isoforms that arise due to alternative splicing and four NR2 subunit gene
products (NR2A-D).  The NR2 subunit helps to determine many biophysical and
pharmacological receptor properties (Cull-Candy et al., 1998; Dingledine et al., 1999; Cull-
Candy and Leszkiewicz, 2004). NMDA receptors are critically involved in a number of
physiological processes, including synapse formation (Li et al., 1994; Iwasato et al., 1997) and
many forms of synaptic plasticity (Bliss and Collingridge, 1993; Bear and Abraham, 1996;
Malenka and Bear, 2004). NMDA receptor dysfunction has also been implicated in neuronal
death following stroke, as well as several diseases, including schizophrenia, Parkinson’s, and
Alzheimer’s (Meldrum, 1992; Cull-Candy et al., 2001; Moghaddam, 2003; Hynd et al., 2004;
Sonkusare et al., 2005).

NMDA receptors have several unusual properties, including high Ca®" permeability
(Mayer et al., 1987; Schneggenburger et al., 1993) and strong voltage-dependent block by Mg,
(Mayer et al., 1984; Nowak et al., 1984). Mg*", block of NMDA receptors is nearly complete at
typical resting membrane potentials, and is only relieved upon membrane depolarization (Mayer
et al.,, 1984; Nowak et al., 1984). Thus, significant NMDA receptor mediated current occurs
only during periods of coincident presynaptic glutamate release and postsynaptic depolarization.

Although voltage-dependent block by Mg*", is a hallmark of NMDA receptors, several
observations suggest that NMDA receptors display an additional, inherent, sensitivity to
membrane voltage. These observations include voltage-dependent decay of NMDA receptor
mediated excitatory postsynaptic currents (NMDA-EPSCs) (Konnerth et al., 1990; Keller et al.,
1991; D'Angelo et al., 1994), slow relaxation kinetics of NMDA receptor mediated currents in
response to membrane depolarization (Benveniste and Mayer, 1995; Spruston et al., 1995), and
an enhancement of channel open probability upon membrane depolarization (Nowak and Wright,
1992; Li-Smerin and Johnson, 1996; Li-Smerin et al., 2001). Voltage-dependent modulation of
ligand-gated ion channels is not without precedent. Responses mediated by acetylcholine
(Magleby and Stevens, 1972), AMPA (Raman and Trussell, 1995), and invertebrate glutamate
(Dudel, 1974; Onodera and Takeuchi, 1978; Tour et al., 1998) receptors have all been shown to
be augmented by membrane voltage due to voltage-dependent changes of channel gating.

Previous studies utilizing rapid membrane depolarizations have described a slow

component of Mg®", unblock from native NMDA receptors (Vargas-Caballero and Robinson,
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2003; Kampa et al., 2004) and recombinant NR1/2A and NR1/2B receptors (Clarke and Johnson,
2006). Although most prominent in the presence of Mg*",, a slow component of NR1/2B
receptor current relaxation was also observed in the absence of Mg®", (Clarke and Johnson,
2006). Here, we set out to determine if a relationship exists between inherent voltage
dependence of NR1/2B receptor activation, slow current relaxations in 0 Mg®",, and the slow
component of Mg*", unblock.

We find that NR1/2B receptor currents are enhanced upon depolarization. To account for
the depolarization-induced current potentiation, we developed a model of NR1/2B receptor
activation which includes weak voltage dependence of channel gating. The voltage dependence
was such that, upon depolarization, the channel opens more rapidly. We go on to show that
without any additional modifications, the NR1/2B model is able to account for the slow
component of Mg®", unblock. Finally, we show that the NR1/2B model can partially account for
the voltage-dependent decay of NMDA-EPSCs described at many central synapses (Konnerth et
al., 1990; Keller et al., 1991; D'Angelo et al., 1994).

3.3 MATERIALS AND METHODS

3.3.1 Cell culture and transfection

The culture and transfection methods used in this study are described in section 2.3.1.

3.3.2 Solutions

Solutions were prepared and applied according to the procedures described in section 2.3.2. Two
external solutions were used in these studies (in mM): normal external solution, NaCl 140, CaCl,
1, KCl 2.8, and HEPES 10 and symmetric KCI solution, KC1 150 and HEPES 10. Both external
solutions were adjusted to a pH of 7.2 with NaOH and the osmolality was adjusted to 290

mmol/kg with sucrose. The junction potential between the pipette and bath solution was 5 mV
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and 0 mV for normal and symmetric KCI solutions, respectively. All holding potentials were

corrected for junction potentials.

3.3.3 Whole-cell recording

Whole-cell recordings were performed as described in section 2.3.3.

3.3.4 Data analysis and Curve Fitting

Whole-cell currents were leak and capacitance corrected as described in section 2.3.4. NR1/2B
receptor currents were then fit with multi-exponential equations as described in section 2.3.4.
The number of exponential components was adjusted as necessary to provide high quality fits, as
determined visually. NR1/2B receptor currents during I-V curve measurements (Fig. 17a) were
fit with a double exponential equation. The current amplitudes of the fast (Ig,s) and slow (Isiow)
components were converted to conductances (gnst and ggow, respectively) using the following
equations:

Ehast = lfast / (EndVyy — (—100mV)) (1)

8slow = Isiow / (EndVim = Viey) )
where EndV,, is the voltage to which the membrane was depolarized and V.., is the reversal
potential, which was set to -5 mV as determined from voltage-ramps in 3 cells.

NR1/2B receptors containing the NR1-1a subunit are potentiated by Mg*", (Paoletti et al.,

1995). Where indicated, NR1/2B receptor currents were normalized to the steady-state outward
current level to remove effects of Mg®", potentiation and allow comparisons with depolarization

induced currents recorded in 0 Mg2+o.

3.3.5 Kinetic Modeling

All model fitting and current simulations were done using SCoP 4.0 (Simulation Resources, Inc.,

Berrien Springs, MI). Current simulations in response to membrane depolarizations were run
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with zero free parameters. Most parameters were set as described in Erreger et al. (2005) (see
Table 5). The only rates that differed from Erreger et al. (2005) were the forward rate of the
NR2B subunit pre-gating conformational change (ks+) and the entry into and recovery from
desensitized states (Fig. 15). The rate ks depended exponentially on membrane voltage (Hille,
2001). The strength (e-fold per 175 mV) of the voltage sensitivity was determined as described
in Figure 17. Because desensitization rates and channel number vary from cell to cell, these
parameters were determined by fitting the NR1/2B Model to experimental data. With
desensitization rates and receptor number as free parameters, the NR1/2B model was fitted to at
minimum a 4-s whole-cell current response to application of 1 mM glutamate in the continuous
presence of 10 uM glycine +/- 1 mM Mg*", at -65 mV using SCoP (Fig. 17-19)

After determination of receptor number and desensitization rates, all rates were fixed and
model simulations were run in response to depolarizations from -65 mV to both 35 and 95 mV (0
Mg®",) or -65 mV to -25, 35, and 95 mV (1 mM Mg*",) (Fig. 17-19). The kinetics of the
depolarization induced current relaxation from simulations were determined as described in the
Data analysis and Curve Fitting section. Due to the complexity of the models, simulated current
relaxations contained several exponential components. The depolarization induced relaxation of
current simulations in 0 Mg, contained three exponential components and in 1 mM Mg”", four
exponential components. The amplitudes of all the exponential components of current
simulations with t's > 1 ms were summed for comparisons with experimental data (Fig. 19d).
The amplitude of the exponential components of current simulations were summed because each
component was only separated by a few ms and would not have been easily isolated by fits of

experimental data.

3.4 RESULTS

3.4.1 Slow development of outward currents persists in the absence of Mg?*,

Whole-cell currents from HEK 293T cells expressing NR1/2B receptors were elicited by
application of 30 uM NMDA in the continuous presence of 10 uM glycine and 0 or I mM
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Mg”,. Once the whole-cell current had reached a steady-state level, the cell was depolarized
from -65 mV to one of several positive voltages for 500 ms (Fig. 12a). In 1 mM Mg*",, current
relaxations in response to depolarization displayed slow as well as fast components, reflecting
the slow component of Mg*", unblock (Vargas-Caballero and Robinson, 2003; Kampa et al.,
2004; Vargas-Caballero and Robinson, 2004; Clarke and Johnson, 2006). In response to large
depolarizations (-65 to 95 mV), current relaxations in 0 Mg”", also displayed a prominent slow
component (Fig. 12b).

We fit current relaxations in 0 and 1 mM Mg**, with a double exponential equation (Fig.
12b). The time constants of the fast (tpy) and slow (tTgow) components did not depend
significantly on the presence of Mg*",, or on the size of the depolarization (Table 3). In contrast,
the amplitude of the slow component (Aqoy) Was significantly larger in 1 mM than in 0 Mg”’, in
response to all depolarizations (Fig. 12¢). In both the presence and absence of Mg”",, increasing
the amplitude of the depolarization resulted in a concomitant increase in Agow (Fig. 12C). It is
unlikely that the slow relaxation in 0 Mg®, was due to contaminating Mg”",, because residual
Mg, in our solutions was previously estimated to be less than 2 uM (Antonov and Johnson,
1996). In addition, unblock of residual Mg**, would not be consistent with the observed voltage
dependence of the slow component (Fig 12c).

Slow current relaxation in response to depolarization in 0 Mg”", would be consistent with
the NMDA receptor channel moving slowly into a higher Py, mode at depolarized membrane
potentials. The NMDA receptor Py,en has previously been reported to be greater at positive
membrane potentials (Nowak and Wright, 1992; Li-Smerin and Johnson, 1996; Li-Smerin et al.,
2001). To test the hypothesis that the Poyen of the NMDA receptor channel is enhanced at
depolarized voltages, we examined the current response to repolarization to -65 mV from a
depolarized voltage. Upon repolarization to -65 mV, a tail current was observed which
surpassed the subsequent steady-state current level at -65 mV (Fig. 13a). The repolarization
induced peak of inward current (Ipcax) depended significantly on the amplitude of the previous
depolarization, becoming larger following repolarization from more positive voltages (Fig. 13b).
After the initial peak, the tail current slowly returned to the baseline current level. The return to
baseline was well fit by a single exponential equation with t’s of 6.4 + 2.2, 5.3 + 0.8, 3.0 + 0.2,
and 4.8 + 0.3 ms following repolarization to -65 from 15, 35, 55 and 95 mV, respectively. These
results are consistent with the hypothesis that the Py of the NMDA receptor channel is slowly
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Figure 12. NR1/2B receptor currents display a prominent slow relaxation in both the
absence and presence of Mg, in response to membrane depolarization. (a) Current traces
during application of 30 uM NMDA and 10 uM glycine (termed NMDA) in the absence (top
current trace) and presence (bottom current trace) of 1 mM Mg**,. 500 ms depolarizing voltage
jumps (-65 mV to 95 mV, top trace) were applied in both the presence and absence of NMDA.
Voltage jumps applied in the absence of NMDA were used for leak and capacitance subtraction.
(b) Currents in response to a voltage jump from -65 to 95 mV in the absence (black) and
presence (cyan) of 1 mM Mg*",. Double exponential fits are overlaid in red. Currents are
normalized to the steady-state outward current response at 95 mV to account for Mg®",
potentiation (Paoletti et al., 1995) (c) The percentage of the total current relaxation carried by
the slow component (Agjow) Was determined from double exponential fits. Agow Was significantly
larger (p < .005) in the presence (cyan) than in the absence (black) of 1 mM Mg”", in response to
voltage jumps from -65 mV to 15, 35, 55, and 95 mV. Experiments utilizing voltage jumps
from -65 to 15 and 35 mV were reported previously in Clarke & Johnson (2006).
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Table 3. Depolarization-induced current relaxations in the presence of 30 uM

NMDA and 10 uM glycine in the absence and presence of Mg,

0 Mg, Trast (MS) Tsiow (MS)
-65to 15 mV 480+ .215 5.62+2.29
-65to 35 mV 542 +.120 7.87+.721
-65to 55 mV 456 +.180 6.46 +1.06
-65t0 95 mV 367+ .179 7.30 +.950

1 mM Mg**, Trast (MS) Tstow (MS)
-65to 15 mV 737 +.238 7.81+.771
-65to 35 mV 689 +.172 9.15 + .926
-65to 55 mV 491 + .085 8.03 +.750
-65t0 95 mV 701 +.131 743+ 1.54

Depolarizing voltage jumps were applied after the NR1/2B receptor current response
had reached a steady-state level. Results from fits of current responses to voltage
jumps from -65 to 15 and 35 mV were reported previously in Clarke & Johnson
(2006). Amplitudes of the slow components (Agow) are reported in Fig. 12c. Values
are expressed as mean + SEM.
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Figure 13. Tail currents following repolarization are sensitive to the amplitude of the
initial depolarization. (a) Current traces (bottom traces) during repolarization from 55 mV
(thick) or 95 mV (thin) to -65 mV. Immediately following repolarization the whole-cell current
exceeds the steady-state current measured at -65 mV (base, dotted line). Membrane voltage is
indicated by the top trace. Inset. Expanded view of the inward peaks induced by repolarization.
Currents are normalized to the stead-state current level measured at -65 mV. (D) I,eak values
depend significantly on the amplitude of the initial membrane depolarization (ANOVA, p < .01),

increasing as the starting voltage was made more positive.
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modulated by membrane voltage, with the NMDA receptor channel displaying a higher Py, at
depolarized membrane potentials.

One of the most studied examples of voltage dependent modulation of a ligand-gated ion
channel gating is the effect of membrane voltage on the closing rate of nicotinic acetylcholine
receptors; the closing rate of nicotinic acetylcholine receptors becomes more rapid with
hyperpolarization (Magleby and Stevens, 1972). Voltage dependent occupation of a permeant
ion binding site has been suggested to underlie the voltage dependence of nicotinic acetylcholine
receptor channel closure (Ascher et al., 1978; Marchais and Marty, 1979). The NMDA receptor
also contains several permeant ion binding sites, including multiple Ca®' binding sites which
coordinate to endow the NMDA receptor with high Ca*” permeability (Sharma and Stevens,
1996; Premkumar et al., 1997; Antonov and Johnson, 1999; Zhu and Auerbach, 2001a, 2001Db;
Qian et al., 2002). It is plausible that occupation of a permeant ion binding site could lead to a
slow, voltage-dependent augmentation of Py,en. To determine if changes in permeant ions impact
the kinetics of NR1/2B receptor current in response to depolarization, recordings were performed
with symmetric 150 mM KCI internal and external solutions (symmetric KCl).

Voltage jumps were applied as in Figure 12, except in these experiments currents were
elicited by application of 1 mM glutamate instead of 30 uM NMDA. In response to a
depolarization to 95 mV, currents recorded in symmetric KCI and 0 Mg*", displayed a prominent
slow relaxation that was indistinguishable from that observed in experiments using normal
internal and external solutions (Fig. 14a). The Ty and tg0w from double exponential fits did not
depend significantly on the composition of the internal and external solutions, or the size of the
depolarization (Table 4). Agow Was also not statistically different between experiments using
symmetric KCl and experiments using normal internal and external solutions (Fig. 14b). In both
solutions, Agow Was significantly larger in response to depolarizations to 95 than to 35 mV (Fig.
14b). Upon repolarization to -65 mV, a tail current that surpassed the -65 mV steady-state
current level was also observed in symmetric KCI experiments. I,..x was again sensitive to the
voltage of the previous depolarization, having a significantly larger value following
repolarization from 95 than from 35 mV (Fig. 14c). Thus, even in symmetric KCI solutions,
NR1/2B receptor currents are modulated by the membrane voltage, becoming larger with
depolarization. These results suggest that permeant ions, in particular Ca**, do not play a critical

role in the inherent voltage sensitivity of NR1/2B receptors.
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Figure 14. NR1/2B receptor currents are equally sensitive to membrane voltage in normal
and symmetric KCI solutions. (a) Current traces (bottom) in response to a voltage step from
—65 to 95 mV in normal internal and external solutions (grey) or symmetric KCI solutions (red).
Membrane voltage is indicated by top trace. Currents are normalized to the steady-state outward
current response at 95 mV. (b) Pooled results of the amplitude of the slow component (Agjow)
from multi-exponential fits of current responses to voltage jumps from -65 mV to either 35 or 95
mV in normal internal and external solutions (grey) or symmetric KCI solutions (red). In both
recording conditions, increasing the depolarization voltage jump from 35 to 95 mV results in a
significant (*, p < .01) increase in Agow. (C) Ipeak values are significantly (**, p < .005) larger

following repolarization from 95 mV than 55 mV in experiments using symmetric KCI solutions.
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Table 4. Kinetics of depolarization induced current relaxations are not influence

by changes in permeant ions.

Normal Int. & Ext. Solutions Trast (MS) Tsiow (MS)
-65 to 35 mV 0.22+0.04 6.71 +2.37
-65 to 95 mV 0.25+0.07 4.96 +2.98
Symmetric KCI Trast (MS) Tsiow(MS)
-65to 35 mV 0.19 +0.02 6.64 +1.14
-65 to 95 mV 0.18 +0.01 5.15+1.13

Depolarizing voltage jumps were applied after the NR1/2B receptor current response
had reached a steady-state level. Amplitudes of the exponential components are

reported in Figure 14b. For all experiments n > 4 cells.
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3.4.2 Inherent voltage dependence of NR2 subunit gating

The results presented thus far are consistent with the hypothesis that, upon depolarization,
NMDA receptors enter a higher Pp,n mode. Voltage-dependent alterations of any one of a
number of steps which lead to NMDA receptor activation would predict a higher Py, at
depolarized membrane potentials. For example, faster channel opening, or slower channel
closure, upon membrane depolarization would lead to an increase in Pgpen. In an attempt to
determine which NMDA receptor characteristics are augmented by membrane voltage, we
utilized a combination of whole-cell recording and simulations to develop a model of NR1/2B
receptor activation.

There have been several recent advances in the understanding of NMDA receptor gating
(Gibb, 2004). Models in which multiple gating steps precede a final open, conducting state have
been shown to reproduce many receptor properties (Banke and Traynelis, 2003; Popescu and
Auerbach, 2003; Erreger et al., 2005; Schorge et al., 2005). We have chosen to use a model first
proposed by Banke and Traynelis (2003) to explain activation of NR1/2B receptors. The Banke
and Traynelis model was developed using heterologous expression of recombinant NR1/2B
receptors in a similar mammalian expression system to the one employed here. In the Banke and
Traynelis model, shown in Figure 15, the closed NMDA receptor (R) binds two agonist
molecules (A). Once two glutamate molecules are bound (RA;), the receptor can enter one of
two desensitized states (RA,d; and RA,d,), or proceed to the open state. The novel feature of the
model is that two pre-opening gating steps must occur before the receptor enters a single open,
conducting state (RA,*). Banke and Traynelis (2003) provided evidence that these two pre-
opening gating steps represent independent conformational changes within the NR1 (RA; =
RA,r and RA,s 2 RA,*) and NR2 (RA; 2 RAj and RAyr 2 RA¥) subunits. In previous
experiments (Banke and Traynelis, 2003), and here, binding of the co-agonist glycine was
ignored because all recordings were performed in the continuous presence of a saturating
concentration of this amino acid. Thus, the glycine binding site on the NR1 subunit can be
assumed to always be occupied because glycine binding is assumed to be voltage independent

and not dependent on glutamate binding.
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Figure 15. Kinetic scheme used to model NR1/2B receptor activation. Kinetic model used to
simulate NR1/2B receptor activation based on Banke and Traynelis (2003). Red arrows indicate

rates which were altered to be sensitive to membrane voltage (k¢ and k).

Table 5. Rates used for NR1/2B receptor model fitting and current

simulations.
Unit Rate Constant

Kon pv s 2.83

Kofr s 38.1

ks+ s 48

ks s 230

ke s 2836

ke s 175

kai+ s Determined by fitting
Kqi+ s Determined by fitting
kqi- s Determined by fitting
Ko+ s Determined by fitting
Kqo- s Determined by fitting

The rates were taken from Erreger et al. (2005) in which the rates were
determined from NR1/2B recordings performed at a constant holding
potential of -100 mV. Where indicated in text, certain rates were modified
to change exponentially with membrane voltage. All rates were fixed
during model fitting and current simulations except desensitization rates.
Desensitization rates were determined by fitting of macroscopic currents
(see Fig. 17-19). The corresponding rates in the unblocked and blocked

arms were equivalent.

67



Simulations from a model in which voltage-dependence was added to the forward rate
constant representing the NR1 pre-gating conformational change (k¢ ) predict a slow component
of current relaxation that is sensitive to the amplitude of depolarization (Fig. 16a). For
simulations, all rates were taken from Erreger et al. (2005) (see Table 5). The rate constant kg,
was modified to change exponentially with membrane voltage based on the following equation:

ker = Ker100mv * exp[(Vim + 100 mV)/Vgep] (3)
where K j0omv is the rate at -100 mV as reported in Erreger et al. (2005) (2836 s'l), V., is the
membrane voltage, and Ve, is the sensitivity to membrane voltage. Simulations from a model in
which the forward rate constant of the NR2 pre-gating conformational change (k) changed
exponentially with membrane voltage also predicted a slow component of current relaxation in
response to depolarization (Fig. 16b). The rate constant kg was modified to change
exponentially with membrane voltage based on the following equation:

Ker = s 100my * exp[(Vin + 100 mV)/Veep] (4)
where Kq; 100my 1S the rate at -100 mV as reported in Erreger et al. (2005) (48 s'l) and Vy, and Ve
are as described in equation 3.

The magnitude of the slow components, and the non-linearity of the current response,
mirrored the strength of the voltage sensitivity (Vqep), becoming greater with steeper voltage
sensitivity (Fig. 16¢). We have shown previously that slow current relaxations in response to
rapid depolarizations are dependent on the identity of the NR2 subunit (Clarke and Johnson,
2006). Thus, we proceeded with the model in which kg depended exponentially on membrane
voltage. We also tested models in which the backwards rate constant of the NR2 pre-gating
conformational change (k) changed exponentially with membrane voltage (see below).

To determine the strength of the voltage sensitivity of kg, we measured I-V curves using
brief (25 ms) depolarizations from -100 mV to a wide range of voltages (Fig. 17a). As expected,
NR1/2B receptor currents displayed an initial fast (sub-ms 1) component, followed by a much
slower relaxation (t of several ms) in response to depolarization. The fast and slow components
of current relaxations were measured using double exponential fits. When considered separately,
the fast component yielded a linear I-V plot (Fig. 17b). In contrast, the slow component became
larger as the amplitude of the voltage jump increased, which caused the total current I-V plot to
display outward rectification (Fig. 17b). The fast and slow components were converted to

conductances (see Methods), termed gr.s: and ggjow, and normalized to the ge,g associated with the
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Figure 16. Models containing voltage dependence of the conformational change associated
with either the NR1 or NR2 subunit predict a slow component of current relaxation in
response to depolarization. (a) Current simulations from a model incorporating voltage
dependence (e-fold per 100 mV) of k¢ (Fig. 15). Current simulations were run in response to
depolarizations from -65 to 35 mV (grey) and -65 to 95 mV (black). (b) As in (a) except Ks+
changed exponentially with membrane voltage (c) Current simulations in response to
depolarization from -65 to 35 mV with varying levels (e-fold per 50, 100, and 500 mV) of

voltage sensitivity of ks;. In all parts the dashed line represents the 0 current level.
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Figure 17. Slow current relaxation in response to depolarization can be reproduced with a
model containing voltage dependence of NR2B subunit gating. (@) Current traces (bottom
trace) during 25 ms depolarizations from —100 mV to several depolarized voltages (top trace).
(b) I-V curve from the cell shown in (a) is linear when the fast component is considered alone
(open circles). Addition of the slow component (total current) results in an outwardly rectifying
I-V curve (closed circles). (C) grs had a constant value of ~1 across the voltage range, while (d)
Zslow Increased with depolarization. Red lines represent output from a model containing an e-fold
per 175 mV acceleration of kg (Fig. 15). (e) Receptor number and desensitization parameters
were determined by fitting the NR1/2B Model (bottom trace, red line) to the first 5 s of a whole-
cell current response (bottom trace, grey trace) to application of 1 mM glutamate at —65 mV.
Before the break in the x-axis, receptor number and desensitization rates were allowed to vary.
Once receptor number and desensitization rates had been determined, all rates were fixed and the
NR1/2B Model was used to simulate currents (bottom trace, blue line) in response to
depolarizations form -65 to 35 and 95 mV. Membrane voltage is indicated by the top trace. (f,
g). Expanded view of current simulations using the NR1/2B Model (blue lines) or a voltage-
independent model (black lines). Current simulations are overlaid onto experimental data (grey

traces).
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largest depolarization (-100 to 195 mV). Normalization accounted for cell to cell variations in
receptor number and allowed the data to be averaged across cells (N = 7). gps was linear and had
a value near 1 for all voltages (Fig. 17C). g did decrease slightly upon depolarization with an
e-fold change per ~520 mV. This decrease in gpng 1S likely too small to be physiologically
relevant and will not be considered further here. In contrast, ggow became larger with increasing
depolarization (Fig. 17d).

I-V curves were also generated from models which contained varying levels of voltage
sensitivity of kg based on equation (4). Double exponential fits were used to determine the
amplitudes of the fast and slow components of simulated current relaxation. The fast and slow
components were converted to conductances and normalized as described above. We found that
the output from a model in which the Vg, of ks was 175 mV (termed the NR1/2B Model) was
in the best agreement with the experimental data over a wide voltage range (Fig. 17f-h). The
NR1/2B Model and experimental data showed some disagreement at the most depolarized
voltages (185 and 195 mV). The divergence between model and experimental data at these
extreme voltages may represent a separate phenomenon that only occurs only well outside of the
physiological range.

We next set out to determine if the NR1/2B Model also accurately reproduced the time
course of slow relaxation. Because desensitization varies greatly from cell-to-cell, we
determined desensitization rates and receptor number by fitting the NR1/2B Model to a whole-
cell response to 1 mM glutamate that preceded depolarizations from -65 to 35 and 95 mV.
During fitting, only the rates into and out of the two desensitized states and the receptor number
were allowed to vary. All other rates were taken directly from Erreger et al. (2005) (see Table
5). As seen previously (Banke and Traynelis, 2003; Erreger et al., 2005), adequate fits required a
model containing two desensitized states (data not shown). After receptor number and
desensitization rates were determined by fitting, all rates were fixed and the NR1/2B Model was
used to simulate currents in response to depolarizations from -65 to 35 and 95 mV (Fig. 17g, h).
NR1/2B Model simulations, performed with zero free parameters, were in excellent agreement
with the experimental data. In contrast, current simulations from a model lacking voltage
dependence (Fig. 17g, h), or a model in which the backwards rate constant of the NR2 pre-
opening conformational change (ks.) changed exponentially with membrane voltage (Fig. 18) did

not yield fits of as high quality.
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Figure 18. Voltage dependent modification of ks. predicts slightly slower Kinetics of current
relaxation in response to membrane depolarization. Current simulations and model fitting
were performed using a model in which kg changed exponentially with membrane voltage (e-
fold per 175 mV), such that kg became slower with depolarization. (a) To determine receptor
number and desensitization parameters, the model (red trace) was fitted to the first 5-s of a
whole-cell current response (grey trace) to an application of 1 mM glutamate at -65 mV. Only
desensitization rates and receptor number were allowed to vary before the break in the current.
Once desensitization rates and receptor number were determined, all rates in the model were
fixed and current simulations (blue trace) were run in response to depolarizations from -65 to 35
and 95 mV. (b, ¢) Enlargements of current simulations (blue trace) overlaid onto experimental

data (grey traces) from (@) in response to depolarizations from -65 to 35 mV (b) and 95 mV (c).
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3.4.3 Voltage-dependent gating predicts slow Mg, unblock

The initial observations of slow Mg*", unblock (Spruston et al., 1995; Vargas-Caballero and
Robinson, 2003; Kampa et al., 2004) were surprising due to the rapid kinetics of Mg*", block
and unblock measured at the single channel level (Mayer et al., 1984; Nowak et al., 1984). The
similarity between the kinetics of slow relaxation in the absence and presence of Mg*', (Table 3)
suggests that these two phenomena may share a common molecular mechanism. We next
determined if the NR1/2B Model could account for the slow phase of Mg”", unblock.

To account for block by Mg®",, a second, “blocked arm” was added to the NR1/2B
Model (Fig. 19a). The blocked arm followed a trapping-block scheme, in which the NMDA
receptor channel is able to close and agonists can dissociate while blocked by Mg*", (Benveniste
and Mayer, 1995; Sobolevsky and Yelshansky, 2000). Unlike previous models developed to
explain slow Mg*", unblock (Kampa et al., 2004; Vargas-Caballero and Robinson, 2004), we
assumed that the rate constants are symmetric, meaning that corresponding rates in the blocked
and unblocked arms have equal values (Table 5). Previous data suggest that a symmetric model
is appropriate to describe block by Mg*", (Sobolevsky and Yelshansky, 2000; Qian et al., 2002;
Qian and Johnson, 2002). Simulations using a symmetric trapping block model containing no
voltage dependence predicts that Mg®", unblock will be very rapid in response to depolarization
(Fig. 19b, dashed grey line) (Vargas-Caballero and Robinson, 2004). Surprisingly, the NR1/2B
Model, which contained weak voltage sensitivity (e-fold per 175 mV) of kg, predicts a slow
component of current relaxation that is larger in the presence of Mg*", (Fig. 19b).

NR1/2B Model simulations were next compared with experimental data. To determine
desensitization rates and receptor number, the NR1/2B Model was fit to whole-cell currents in
response to application of 1 mM glutamate at -65 mV in the presence of 1 mM Mg”", During
fitting, only receptor number and desensitization rates were allowed to vary, with all other
parameters set to values shown in Table 5. For simplicity, the desensitized states were omitted
from Figure 19a, but were present during the fitting procedure. Two unblocked desensitized
states were accessible from RA, and two blocked desensitized states were accessible from
RA;Mg. Once desensitization rates and receptor number were determined, current simulations in

response to voltage jumps from -65 mV to -25, 35, and 95 mV were run with zero free
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Figure 19. NR1/2B Model accurately predicts the kinetics of Mg**, unblock in response to
depolarization. (a) To account for block by Mg*",, a “blocked arm” was added to the NR1/2B
Model. All the corresponding rates in the blocked and unblocked arms were equivalent (Table
5). (b) Addition of voltage-dependence to k. predicts a slow component of current relaxation in
response to depolarization in the absence (black line) which is not present in simulations lacking
voltage-dependence (dashed grey line). The size of the slow component is enhanced by the
addition of Mg®", (red line). Voltage during simulations is indicated by the top trace. ()
NR1/2B Model simulations (blue lines) are overlaid onto experimental current traces (grey
circles) during depolarization from -65 mV to -25, 35, and 95 mV. Receptor number and
desensitization rates were determined by fitting the NR1/2B Model to a whole-cell current
response to 1 mM glutamate application at -65 mV in the presence 1 mM Mg*", as shown in
Figure 17e. After receptor number and desensitization rates were determine, all rates were fixed
and current simulations were run. Dotted black line represents 0 current level. (d) Agow values
determined from multi-exponential fits of both model simulations (blue) and experimental data

(grey) are in reasonable agreement.
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parameters. Current simulations were in reasonable agreement with experimental data,
especially in response to depolarization from -65 to 35 and 95 mV (Fig. 19¢).

The results from multi-exponential fits of NR1/2B Model output and the averaged results
of fits of experimental data collected across several cells (n = 3) were compared. Because the
NR1/2B Model is complex, current simulations contained many exponential components.
However, NR1/2B Model simulations contained a prominent slow component (Tsm = ~3 ms) in
response to all depolarizations. The prominent slow component from fits to experimental data
(termed tg0w) showed good agreement with Tgm: Tsow had values of 2.80 + .78 ms, 2.69 + .44
ms, and 3.50 + .37 ms in response to depolarizations from -65 to -25, 35, and 95 mV
respectively. The sum of the amplitudes of all of the components with t's > 1 ms from NR1/2B
Model simulations were in good agreement with the Agow measured from experimental data (Fig.
19d).

We next determined how well the NR1/2B Model was able to reproduce currents in
response to more complex voltage protocols. NRI1/2B receptor currents were evoked by
application of 1 mM glutamate in the continuous presence of 10 uM glycine and 0 or 1 mM
Mg”",. Once a steady-state response at -65 mV was reached, the cell was depolarized to 35 mV
for 200 ms. After 200 ms at 35 mV, the cell was repolarized to -65 mV for varying durations
before being stepped back to 35 mV (Fig. 20a). Following brief repolarizations, the current
response to a voltage step back to 35 mV was very rapid. However, with prolonged
repolarization, a larger fraction of the response to membrane depolarization was slow (Fig. 20b,
). The recovery of the slow component was well fit by a single exponential with t’s of 2.7 and
3.4 ms in 0 and 1 mM Mg”",, respectively. These values are close to that previously measured in
native NMDA receptors (Vargas-Caballero and Robinson, 2004). The NR1/2B Model was able
to reproduce reasonably well the experimental results collected in 0 (Fig. 20b) and 1 mM Mg*",
(Fig. 20c).

3.4.4 NR1/2B currents during stimulation with AP waveforms

To determine if the NR1/2B Model can also predict currents in response to physiological

waveforms, we compared experimental data and model simulations in response to
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Figure 20. The NR1/2B Model reproduced NR1/2B receptor currents during a complex
voltage paradigm. (a) NR1/2B current traces in the absence (middle) and presence (bottom) of
1 mM Mg”", during protocol used to measure the recovery of slow current relaxation following
repolarization from 35 to -65 mV of varying durations (membrane voltage indicated by top
trace). (b, ¢) Summary data of the fraction of current that relaxes rapidly (Frac. Fast, T < 1 ms)
in response to depolarization to 35 mV plotted as a function of the duration of a repolarizing
pulse from 35 to =65 mV. Model predictions are overlaid (red lines) from the NR1/2B Model in
the absence (b) and presence of 1 mM Mg*", (c).
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depolarizations provided by action potential (AP) waveforms. NR1/2B receptor currents were
elicited from HEK 293T cells by application of 1 mM glutamate and saturating (10 uM) glycine
in the continuous presence of | mM Mg*",. Once the whole-cell current had reached a steady-
state level, three AP waveforms collected at the soma or two locations (240 and 280 um) on the
dendrite of a CA1 pyramidal cell (waveforms courtesy of D. Johnston) were played into the cell.
To account for variations in receptor number, the whole-cell current was normalized to the
steady-state response at rest (-65 mV) and averaged across cells (n = 7).

Model simulations were also carried out using identical AP waveforms. Three models
were employed: a voltage-independent model assuming instantaneous Mg*", block and unblock,
a voltage-independent model with previously published Mg*", blocking and unblocking rates
(Antonov and Johnson, 1999), and the NR1/2B Model. Because the AP waveforms are brief in
duration, models lacking desensitized states yielded similar results as models containing
desensitized states (data not shown). Thus, for simplicity, models without desensitized states
were used.

NR1/2B Model simulations showed excellent agreement with experimental data in
response to all three AP waveforms (Fig. 21d-f, red lines). In contrast, current simulations from
a instantaneous Mg”", unblock model showed poor agreement with experimentally recorded
NR1/2B receptor currents in response to the somatic and 240 um AP waveforms (Fig. 21a,b,
blue lines). The instantaneous Mg*", unblock models predicted substantial NR1/2B receptor
current during the upstroke of the AP waveforms which was not observed experimentally. The
instantaneous Mg, unblock model also underestimated the NR1/2B receptor inward currents
during the repolarization phase of the AP waveforms.

These results are in agreement with previous models of slow Mg”", unblock, which
suggest that slow Mg”", unblock results in a strong contribution of NMDA receptor current
during repolarization (Vargas-Caballero and Robinson, 2004). However, most of the differences
between the NR1/2B Model and the instantaneous Mg2+o unblock model are due to the rates of
Mg**, block and unblock from open channels and not inherent voltage dependence. Simulations
from a model containing no voltage dependence, but with the previously published Mg*",
blocking and unblocking rates (Antonov and Johnson, 1999), showed good agreement with the

experimentally recorded NR1/2B receptor currents (Fig. 21g-i, grey lines). The NR1/2B Model
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Figure 21. Inherent voltage dependence does not enhance NR1/2B receptor currents in
response to depolarizations by AP waveforms. (a, b, ¢) Experimentally recorded NR1/2B
receptor currents (bottom traces) were recorded in the presence of 1 mM glutamate, 10 mM
glycine and 1 mM Mg>",. Once a steady-state response was achieved, AP waveforms (top trace)
recorded at the soma (@), or 240 um (b) and 280 um (C) out on the dendrite of a CA1 pyramidal
cell were played into the HEK 293T cell. Current simulations from a model assuming
instantaneous Mg”", block and unblock (blue traces) are overlaid onto experimentally recorded
currents (black traces). (d, e, f) As in a, b, ¢ except that the overlaid current simulations are
from the NR1/2B Model (red traces). The experimentally recorded NR1/2B receptor currents
(black traces) are the same as in (@, b, ¢). (g, h, i) Asin a, b, ¢ except that the overlaid current
simulations are from a model containing published rates for block and unblock of Mg*",
(Antonov and Johnson, 1999), but no voltage sensitivity of k. (grey traces). The experimentally

recorded NR1/2B receptor currents (black traces) are the same as in (a, b, c).

80



did predict a slight increase in the peak of inward current in response to both the somatic and 240
pum AP waveform: the peak was 17.3 and 14.9% larger in NR1/2B Model simulations than the
voltage-independent model simulations in response to the somatic and 240 pm AP waveforms,
respectively. However, this change was not large enough to be detected within experimental
data as the experimental data was consistent with either model (Fig. 21).

Current simulations from all three models were similar in response to the smallest and
slowest depolarization (280 um AP waveform), and all showed reasonable agreement with the
experimental data (Fig. 21c, f, i). These data support the previous observations that
instantaneous unblock models can account for NMDA receptor currents in response to small

depolarizations (Vargas-Caballero and Robinson, 2003).

3.4.5 Voltage-dependent Kinetics of NMDA-EPSCs

The decay of NMDA-EPSCs has been shown to be voltage dependent, becoming slower
with depolarization (Konnerth et al., 1990; Keller et al., 1991; D'Angelo et al., 1994). In the
presence of Mg®", the voltage sensitivity of the NMDA-EPSC decay becomes more marked
(Konnerth et al., 1990; Keller et al., 1991; D'Angelo et al., 1994). To determine if the voltage-
dependent model can account for these observations, we simulated NR1/2B receptor currents in
response to a synaptic glutamate waveform at various membrane potentials. The simulated
synaptic glutamate waveform reached a peak concentration of 1.1 mM and decayed with a t of
1.2 ms (Clements et al., 1992). Figure 22A shows the current responses of 100 NR1/2B
receptors to the synaptic glutamate waveform at the indicated membrane potentials in 0 and 1
mM Mg*".. To determine if the current decay was voltage dependent, the responses at 40 mV
were inverted and all responses were normalized to the largest peak response. The normalized
NMDA-EPSCs show that the decay of NR1/2B receptor currents is weakly voltage dependent in
the absence of Mg”’,, decaying more slowly at depolarized voltages (Fig. 22b). The addition
Mg®", slightly increased the voltage dependence of the current decay (Fig. 22b). These
simulation results are qualitatively similar to that previously described; NMDA-EPSCs decay
more slowly at depolarized membrane potentials (Konnerth et al., 1990; Keller et al., 1991;
D'Angelo et al., 1994). However, the magnitude of the change in current decay with

depolarization is far greater in previous experiments than in our simulations. There may be
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Figure 22. The NR1/2B Model predicts a small increase in the decay of synaptic-like

NR1/2B receptor currents at depolarized membrane potentials. (a) Current simulations in
response to a 1 ms synaptic-like application of glutamate (bottom trace) in the presence (top
traces) and absence (middle traces) of | mM Mg%O at several membrane potentials. Simulations
were performed using the rates in Table 5 along with the desensitization rates as determined in
Figure 19. (b) Normalization of the peaks from the simulations shown in (a). Upon
depolarization, the decay of the simulated synaptic NR1/2B receptor responses slowed slightly.
In the presence of Mg, (top traces), the depolarization-induced slowing of the current decay

was slightly greater than in the absence of Mg”", (middle traces).
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additional effects of membrane voltage on NMDA receptor gating, desensitization, and/or
agonist binding characteristics which are models do not include. These uncharacterized effects

could further augment the decay of NMDA-EPSCs upon depolarization.

3.5 DISCUSSION

The fundamental physiological significance of voltage-dependent channel block by Mg”", has
long been appreciated (Mayer et al., 1984; Nowak et al., 1984; Ascher and Nowak, 1988).
However, several observations (Keller et al., 1991; Hestrin, 1992; Benveniste and Mayer, 1995;
Spruston et al., 1995) suggest that NMDA receptors display an additional, inherent form of
voltage sensitivity. Our data reveal that NR1/2B receptor currents are enhanced at positive
membrane potentials, which is consistent with the hypothesis that the Poyen of NR1/2B receptors
is higher at depolarized voltages. Based on this observation, we developed a model of NR1/2B
receptor activation that incorporates weak voltage dependence of the pre-opening conformational
change associated with the NR2B subunit (the NR1/2B Model). The NR1/2B Model accounts
for depolarization induced current enhancement in 0 Mg*",, slow Mg*", unblock, and voltage

dependent decay of NMDA-EPSCs.

3.5.1 Voltage-dependent modulation of ligand-gated receptors

In a classic study, Magleby and Stevens (1972) showed that voltage-dependent gating of
nicotinic acetylcholine receptors was able to account for the voltage-dependent decay of endplate
potentials. Since this pioneering study, voltage-dependent alterations in the kinetics of glycine
receptors (Legendre, 1999) and several AMPA receptor subtypes (Raman and Trussell, 1995;
Tour et al., 1998), have also been reported. The mechanism by which membrane voltage
influences the gating machinery of ligand-gated receptors is not entirely clear. Two mechanisms
have been proposed to account for voltage-dependent alterations in nicotinic acetylcholine

receptor channel closure. One involves voltage dependent occupation of a permeant ion binding
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site (Ascher et al., 1978; Marchais and Marty, 1979), while the other suggests that charged
moieties moving through the membrane voltage field play a critical role (Auerbach et al., 1996).
The data presented here suggest that permeant ions do not play a critical role in the
observed voltage dependence of NR1/2B activity (Fig. 14). The role of gating associated
movements of charged moieties cannot be ruled out and may underlie the observed voltage
sensitivity of NR1/2B receptors. The degree of voltage sensitivity (e-fold per 175 mV) in the
NR1/2B Model is consistent with a single charge moving only 14% of the way through the
membrane voltage field during gating-associated conformational changes. Within the rat NR2B
amino acid sequence there are several charged amino acids that lie near the intracellular and
extracellular faces of transmembrane regions, along with a lysine in the re-entrant P-loop. Slow
Mg*", unblock is only present from NR1/2A and NR1/2B receptors (Clarke and Johnson, 2006),
suggesting that a charged amino acid present only in the NR2A and NR2B sequences would be
an attractive candidate to confer inherent voltage-dependence of gating. However, none of the
aforementioned amino acids meet this requirement, leaving no obvious targets for site-directed
mutagenesis. A long list of alterative arguments could be made, including that there are NR2
subunit dependent differences in the movement of a conserved charged amino acid. Studies
investigating the impact of amino acid substitutions on the voltage sensitivity of NR1/2B
receptor activation will be needed to directly test the hypothesis that charged amino acids

participate in conferring NR1/2B receptors with inherent voltage sensitivity.

3.5.2 Interactions between Mg**, and NR1/2B receptor gating

Previous models developed to account for slow Mg®", unblock suggested that block by Mg”",
influences NMDA receptor channel gating (Kampa et al., 2004; Vargas-Caballero and Robinson,
2004). In these models slow Mg>", unblock arises from slow egress of the channel from one, or
more, closed blocked states. These models accurately predict the slow phase of Mg, unblock
under many experimental conditions and are supported by the previous observation of a
reduction in single-channel burst duration of cortical NMDA receptors in the presence of Mg®",
(Ascher and Nowak, 1988). However, these models do not predict slow relaxation in 0 Mg2+0
(Fig. 12). In addition, several previous studies have concluded that Mg*", does not influence

NMDA receptor gating (Sobolevsky and Yelshansky, 2000; Qian et al., 2002). Finally, the
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organic NMDA receptor channel blocker amantadine was demonstrated to moderately accelerate
channel closure (Blanpied et al., 2005). The degree to which amantadine accelerates channel
closure is similar to that proposed for Mg*", (Vargas-Caballero and Robinson, 2004). However,
upon depolarization, amantadine exhibits a significantly slower component of unblock than
Mg*", (Blanpied et al., 2005), suggesting that the degree of interaction between amantadine and
NMDA receptor gating is more prominent than that of Mg*",.

Here, the NR1/2B Model was developed to account for the inherent voltage-dependence
of NR1/2B receptors. However, we found that without any further alterations, the NR1/2B
Model also accounted for slow Mg*", unblock (Fig. 18). The simplicity of this explanation is
attractive, particularly when the alternative hypothesis that Mg®", block alters NMDA receptor
channel gating is in conflict with previous data. It should be noted that excellent agreement with
experimental data could also be obtained with models containing a combination of weak voltage
dependence and small changes in channel gating in the presence of Mg*", (data not shown).
Thus, these observations leave open the possibility that block by Mg®", does cause subtle
changes in gating. However, it seems unlikely that Mg*", block impacts NMDA receptor gating
to the extent previously proposed (Kampa et al., 2004; Vargas-Caballero and Robinson, 2004).

3.5.3 Impact of inherent voltage dependence on NMDA receptor mediated

currents

The nature of the inherent voltage dependence we propose suggests that significant alterations in
NR1/2B receptor currents will only occur in response to depolarizations that are both large in
amplitude and long in duration. The 280 um AP waveform has a long half-width (3.55 ms)
(Bernard and Johnston, 2003), but the peak depolarization only reaches -20 mV, which is not
depolarized enough to significantly alter NR1/2B receptor currents (Fig. 20c, ).

Model simulations did suggest that the addition of voltage-sensitivity of ks would result
in a small increase in the peak of inward current induced by the somatic and 240 um AP
waveforms. However, the predicted increase was small, leaving current simulations from both a
voltage-independent model and the NRI1/2B Model showing reasonable agreement with
experimental data. These data suggest that inherent voltage sensitivity, and thus slow Mg,

unblock, will not result in a significant alteration of NR1/2B receptor currents during most back-
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propagating APs (but see(Kampa et al.,, 2004)). It is possible that long duration and large
amplitude depolarizations, such as dendritic Ca®" or NMDA spikes (Larkum et al., 1999; Schiller
et al., 2000), would result in significant enhancement of NR1/2B receptor currents. NR1/2B
receptor currents enhancement by prolonged depolarizations is consistent with experimental data
showing that extending the duration of the somatic AP waveform leads to an enhancement of
NR1/2B receptor currents (Clarke and Johnson, 2006).

The most striking difference between current simulations and experimental data in
response to AP waveforms are the poor fits from models assuming instantaneous Mg”", block
and unblock. Only in response to the 280 um AP waveform, which has both slow rising and
falling phases, does the model assuming instantancous Mg”, block and unblock provide a
reasonable fit to the experimental data (Fig. 20c, green lines). These data are in agreement with
previous work showing that an instantaneous Mg®", unblock models can adequately predict
native NMDA receptor currents in response to small depolarizations (Vargas-Caballero and
Robinson, 2003). It is important to recognize that while the interaction between Mg, and the
open NMDA receptor channel is fast, it is not fast enough to be at equilibrium during rapid
depolarizations, such as many AP waveforms.

One physiologically relevant prediction of the voltage dependent model is that the decay
of NMDA-EPSCs will become slower with depolarization (Fig. 21). This prediction is
supported by previous studies on native NMDA receptors (Konnerth et al., 1990; Keller et al.,
1991; D'Angelo et al., 1994; Kampa et al., 2004; Vargas-Caballero and Robinson, 2004).
Current simulations show that the voltage dependence of decay is weak in 0 Mg*",, but upon
addition of Mg*", the decay of NMDA-EPSCs becomes slightly slower at 40 mV than at -70 mV
(Fig. 21b). Slower decay of NMDA-EPSCs results in greater charge transfer, and hence Ca®"
influx, via NR1/2B receptors.

Enhancement of NMDA receptor mediated currents upon depolarization is normally
associated with relief of Mg”", block. Here, we show that voltage dependent gating can provide
an additional mechanism by which membrane depolarization enhances signaling via the NR1/2B
receptor. Thus, inherent voltage dependence, working in concert with Mg®", block, imbues
NR1/2B receptors with the ability to serve as powerful coincident detectors, signaling pre-

synaptic glutamate release and membrane depolarization.
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4.0 INHERENCE OF NMDA RECEPTOR ACTIVATION: NR2 SUBUNIT
DEPENDENCE AND SLOW MAGNESIUM UNBLOCK

41  ABSTRACT

NMDA receptors are heterotetrameric proteins composed of NR1 and NR2 subunits. In many
brain regions, including the cortex, the composition of NMDA receptors changes during
development. Early in development the NR2B subunit predominates, whereas later in
development the NR2A subunit shows higher expression levels. Previous work has suggested
that NR1/2B receptor activity displays inherent voltage dependence, beyond that provided by
Mg**, block. Here, we show that NR1/2A receptor activity also displays inherent voltage
dependence such that NR1/2A receptor currents are enhanced upon membrane depolarization. A
model assuming voltage dependence of the NR2A pre-gating conformational change (NR1/2A
Model) was able to reproduce NR1/2A receptor currents in both the absence and presence of
Mg®*,. Both the NR1/2A and the previously described voltage-dependent NR1/2B Models
contained identical voltage sensitivities of the NR2 subunit pre-gating conformational change.

However, the unique gating kinetics of the NR2A subunit (Erreger et al., 2005) accurately
predicted that the NR1/2A receptor currents are less sensitive to changes in membrane voltage
than NR1/2B receptor currents. Thus, although pre-gating steps of both NR1/2A and NR1/2B
receptors seem to be equally sensitive to membrane voltage, the physiological impact of the
inherent voltage sensitivity is predicted to be more prominent for NR1/2B than NR1/2A

receptors.
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4.2 INTRODUCTION

NMDA receptors are a subtype of ionotropic glutamate receptor found throughout the CNS.
NMDA receptor activation has been linked a number of physiological processes, including
neuronal migration (Komuro and Rakic, 1993), synapse formation (Constantine-Paton and Cline,
1998), long-term changes in synaptic efficacy (Bliss and Collingridge, 1993), and several forms
of learning (Tang et al., 1999; Tsien, 2000; Shapiro, 2001). Excessive activation of NMDA
receptors has also been linked to cell death in several pathological states, including stroke,
schizophrenia, and Alzheimer’s disease (Meldrum, 1992; Cull-Candy et al., 2001; Tsai and
Coyle, 2002; Moghaddam and Jackson, 2003; Lleo et al., 2006).

NMDA receptors are heterotetrameric proteins, most commonly composed of NR1 and
NR2 subunits. There are eight NR1 subunit isoforms due to alternative splicing of a single gene
product (Nakanishi, 1992; Hollmann et al., 1993). In contrast, there are 4 NR2 subunit gene
products, termed NR2A-D (Moriyoshi et al., 1991; Monyer et al., 1992; Ishii et al., 1993).
Native NMDA receptors display a wide range of pharmacological and biophysical properties,
depending on the isoforms of the NR1 and NR2 expressed (Dingledine et al., 1999; Cull-Candy
and Leszkiewicz, 2004). The identity of the NR2 subunit within a functional NMDA receptor
plays a particularly important role in determining many channel properties, including gating
kinetics (Erreger et al., 2005) and affinity for Mg”>*, (Monyer et al., 1992).

Near typical resting membrane potentials, all NMDA receptor subtypes are powerfully
inhibited by Mg”*,. However, the percentage of inhibition by Mg*", depends on the NR2 subunit
present; NR1/2A and NR1/2B receptors are roughly 5-fold more potently inhibited by Mg*",
than NR1/2C and NR1/2D receptors (Monyer et al., 1992; Kuner and Schoepfer, 1996; Qian et
al., 2005). Upon depolarization, Mg*", block of all NMDA receptor subtypes is relieved. The
speed with which Mg®", unblocks from the NMDA receptor in response to membrane
depolarization is also influenced by the NR2 subunit. In response to depolarization, Mg*",
unblocks from NR1/2C and NR1/2D receptors very rapidly, while Mg®", unblock from NR1/2A
and NR1/2B receptors displays a prominent slow component (Clarke and Johnson, 2006).

A slow component of Mg”’, unblock from NRI1/2A and NRI1/2B receptors was
unexpected based on the rapid kinetics with which Mg**, interacts with open NMDA receptor
channels (Nowak et al., 1984; Ascher and Nowak, 1988). Two models have recently been
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proposed in which slow Mg*", unblock arises because Mg”", block increases occupancy of Mg*",
bound, closed states (Kampa et al., 2004; Vargas-Caballero and Robinson, 2004). In these
models, Mg, block stabilizes the closed state of the receptor by altering receptor gating alone
(Vargas-Caballero and Robinson, 2004), or in addition to altering desensitization and agonist
unbinding rates (Kampa et al., 2004). However, other work has suggested that there is little
interaction between Mg*", and the gating machinery of the NMDA receptor (Sobolevsky and
Yelshansky, 2000; Qian et al., 2002; Blanpied et al., 2005).

In an attempt to reconcile these results, we proposed a model in which the inherent
voltage dependent properties of NR1/2B receptor activation result in slow Mg*", unblock
(NR1/2B Model, Chapter 2). Because Mg”", unblock from NR1/2A receptors displays a slow
component (Clarke and Johnson, 2006), we set out to determine if NR1/2A receptor activity also
displays inherent voltage dependence. We find that NR1/2A receptor currents recorded in O
Mg**, are consistent with inherent voltage dependence of NR1/2A receptor activation. We
incorporated the recent work describing the kinetics of NR1/2A receptor activation (Erreger et
al., 2005) into the previously described NR1/2B Model, leaving the strength of inherent voltage
sensitivity of the model unchanged. The voltage dependent NR1/2A model predicted a slow
component of depolarization induced current relaxation in 0 and 1 mM Mg*",. Even though the
NR1/2A and NR1/2B models contained identical voltage sensitivity (e-fold per 175 mV), model
simulations predicted more rapid relaxation kinetics of NR1/2A receptor currents. These model
simulations are consistent with previous data sowing that Mg*", unblock proceeds more rapidly

from NR1/2A than NR1/2B receptors (Clarke and Johnson, 2006).

43  MATERIALS AND METHODS

4.3.1 Cell culture and transfection

The culture and transfection methods used in this study are described in section 2.3.1.
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4.3.2 Solutions

Solutions were prepared and applied according to the procedures described in section 2.3.2.
Currents were activated by the indicated concentration of NMDA or glutamate either in 0 or 1
mM Mg”,. 10 pM glycine was added to all solutions. Osmolality and pH were adjusted as
described in section 2.3.2. The junction potential between the pipette and bath solution was 5

mV and all holding potentials were corrected for junction potentials.

4.3.3 Whole-cell recording

Whole-cell recordings were performed as described in section 2.3.3.

4.3.4 Data analysis and Curve Fitting

Whole-cell currents were leak and capacitance corrected as described in section 2.3.4. NRI1/2A
receptor currents were then fit with multi-exponential equations as described in section 2.3.4.
The number of exponential components was adjusted as necessary to provide high quality fits, as
determined visually. For experiments shown in Figure 28, I, was quantified using a multi-
step procedure. First, two responses to glutamate application at -65 mV were collected and
averaged. The two -65 mV responses were collected before and after the glutamate application
during which the voltage jumps were applied to account for current run-down due to sequential
glutamate applications. The averaged -65 mV response was then fit with a double exponential
equation. The fits had t’s of 42.3 + 7.9 ms and 272.5 + 83.9 ms (n = 3). The fits were used to
give a noiseless estimate of the inward current at a given time-point. The I.po stimulated by
each 2.5 ms depolarization was then measured. To account for desensitization, each IL;cpo Was
normalized to the inward current estimate from the double exponential fit to the averaged -65
mV response. In other words, the I, was expressed as a fraction of the inward current level at

the time of membrane repolarization.
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4.3.5 Kinetic Modeling

All model fitting and current simulations were done using SCoP 4.0 (Simulation Resources, Inc.,
Berrien Springs, MI). The model used was based on the NR1/2B Model (Fig. 15). Rates were
adapted to represent NR1/2A receptors based on Erreger et al. (2005) (see Table 7). The only
rates that differed from Erreger et al. (2005) were the forward rate of the NR2A subunit
conformational change (ks+) and the entry into and recovery from desensitized states. The rate
ks+ depended exponentially on membrane voltage (Hille, 2001) with the same sensitivity as that
used previously in the NR1/2B Model (e-fold per 175 mV, Fig. 17). Because desensitization
rates and channel number vary from cell to cell, these parameters were determined by fitting the
NR1/2A Model whole-cell current responses. The NR1/2A model was fitted to whole-cell
currents in response to applications of 1 mM glutamate in the continuous presence of 10 uM
glycine +/- 1 mM Mg”", with desensitization rates and receptor number as free parameters. In 0
Mg*",, whole-cell currents in response to applications of 1 mM glutamate at -65 mV were fitted
with the model depicted in Figure 24a. In 1 mM Mg*",, whole-cell currents elicited by the
application of 1 mM glutamate at 35 mV were fitted with the model depicted in Figures 25a. All
others rate constants were fixed (Table 7). After desensitization rates and receptor number were
determined, all rates were fixed and model simulations were run in response to depolarizations

from -65 mV to the indicated depolarized voltage.

44  RESULTS

4.4.1 NR1/2A receptor currents are enhanced at positive membrane potentials

Several observations suggest that NMDA receptor activity is inherently modulated by
membrane voltage (Konnerth et al., 1990; Keller et al., 1991; D'Angelo et al., 1994; Benveniste
and Mayer, 1995; Spruston et al., 1995). As described in Chapter 2, a slow (t of several ms)
component of NR1/2B receptor current relaxation in response to membrane depolarization

results from voltage-dependent gating of NR1/2B receptors. The slow component of NR1/2B
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receptor current relaxations was present in 0 Mg®", and was greatest in response to large
amplitude depolarizations. We first set out here to determine if NR1/2A receptor currents also
display a slow component of relaxations in response to large amplitude depolarizations in 0
Mg,

Currents were elicited from HEK 293T cells expressing NR1/2A receptors by application
of 30 uM NMDA or 1 mM glutamate in the continuous presence of 10 pM glycine (termed
“NMDA” and “Glu”, respectively) and 0 or 1 mM Mg*',. NR1/2A receptor currents displayed
marked desensitization, reaching a steady-state value after ~15 seconds of continuous agonist
application (Fig. 23a). Once a steady-state current level was reached, the cell was depolarized
from -65 mV to either 55 or 95 mV in NMDA experiments and from -65 mV to either 35 or 95
mV in Glu experiments. A slow component of the current relaxation in response to
depolarization was reliably observed in 1 mM Mg*",, indicating a slow phase of Mg*", unblock
(Fig. 23, right). However, a slow component of current relaxation in response to large amplitude
depolarizations was also observed in 0 Mg2+0 (Fig. 23, left).

Depolarization-induced current relaxations in both 0 and 1 mM Mg2+o were well fit by a
triple (NMDA) or double (Glu) exponential equation. The time constants of the fast and first
slow component (T and Tgow, respectively) did not depend significantly on the amplitude of the
depolarization or on the presence of Mg*", (Table 6). The value of T4, was significantly faster
in Glu than NMDA for all depolarizations. These data are consistent with previous work (Clarke
and Johnson, 2006) describing an acceleration of the slow component of Mg, unblock at high
agonist concentrations. The second slow component, Tyow2, Was highly variable, present only in
NMDA experiments, and accounted for less than 5% of the total current relaxation (Table 6).

In experiments utilizing NMDA, the amplitude of Tyow (Asow) In 0 Mg2+0 was
significantly larger in response to depolarizations to 95 than to 55 mV (Table 6). In experiments
utilizing Glu, a slow component of current relaxation in 0 Mg”", was reliably observed only in
response to depolarization from -65 to 95 mV. The -65 to 35 mV depolarization may have been
too small to induce a prominent slow component of NR1/2A receptor current relaxation. This is
contrast to results from NR1/2B receptors, which display a slow component of current relaxation
in Mg*", in response to depolarizations as small as -65 to 15 mV (Fig. 12¢). In both NMDA and
Glu experiments, Agow Was significantly larger in 1 mM than 0 mM Mg2+o in response to all

depolarizations (Table 6).
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Figure 23. NR1/2A receptor currents display a slow component of relaxation in response to
depolarization in both 0 and 1 mM Mg®*,. (a) 30 uM NMDA and 10 pM glycine (“NMDA”)
was applied in 0 (left) and 1 mM Mg”", (right) during whole-cell recordings from an HEK 293T
cell expressing NR1/2A receptors. Once the current (bottom trace) had reached a stationary
level, three depolarizing voltage jumps (here, -65 to 95 mV) were applied (top trace). NR1/2A
receptor currents were leak and capacitive subtracted prior to multi-exponential fitting (See
Methods, section 2.3.4). (b) Currents (bottom trace) elicited by NMDA displayed a slow
component of relaxation in response to depolarizations (top trace) from -65 to 55 and 95 mV.
The slow relaxation was observed in experiments performed in the presence of 0 (left) and 1 mM
(right) Mg**,. (c) Similar experimental protocol as in (b), except that NR1/2A receptor currents
were elicited by application of 1 mM glutamate in the continuous presence of 10 uM glycine
(“Glu”). In 0 Mg*", (left), a slow component of current relaxation was only reliably observed in
response to depolarizations from -65 to 95 mV. In contrast, currents recorded in 1 mM Mg”",
(right) displayed a clear slow component of relaxation in response to depolarizations from -65 to

35 and 95 mV.
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Table 6. Depolarization induced current relaxations in 0 and 1 mM Mgz+o

NMDA
0 Mg**, Trast (MS) Tstow (MS) Tstowz (MS) Asiow (%)
-65t0o55mV 0.34+0.11 4.66 +0.31 139 +24.1 13.8+24*
-65t095mV 0.50+0.06 4.60+0.95 42 +13.1 279+29
1mM Mg%y  Trast (MS) Tstow (MS) Tstow2 (MS)
-65t0o 55 mV  0.66+0.22 5.89 +0.88 571+ 276 36.5+5.7* #
-65t095mV 0.67+0.11 6.49 +0.58 162 +3.5 462+29#
Glu
0 Mg**, Trast (MS) Tstow (MS) Tstowz (MS) Asiow (%0)
-65t0o35mV 0.17+0.02 — — —
-65t095mV 0.20+0.04 2.56 +1.06 — 23.67+5.2
1mM Mg%y st (MS) Tstow (MS) Tstowz (MS) Asiow (%0)
-65t035mV 0.23+0.03 1.90 + 0.31 — 30,6 +4.0*
-65t095 mV 0.32+0.03 2.14+0.25% — 463+ 09#

Membrane voltage was changed during the steady-state response of NR1/2A receptors

to application of NMDA or Glu. Experiments were performed in 0 and 1 mM Mg*",,.

Leak and capacitive subtracted currents were fit with multi-exponential equations. *

indicates a significant (p < .01) difference between the amplitude of Tyow (Asiow) In

response to depolarizations from -65 to 35 (Glu) or 55 (NMDA) and 95 mV in the

same concentration of Mg”",. # indicates a significant (p < .01) difference between the

Aglow Vvalues in response to the same voltage jump applied in 0 or 1 mM Mg™",.

$

indicates a significant (p < .001) difference between the T4 value in NMDA and Glu

experiments in response to identical depolarizations. Values are expressed as mean +

SEM.
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Depolarization-induced slow relaxation of NR1/2B receptor currents was attributed to a
slow rise in Poyen upon membrane depolarization. In response to repolarization, NR1/2B receptor
currents displayed a tail current which slowly returned to baseline as the Pypen of the NR1/2B
receptor returned to a lower value. NRI/2A receptors also displayed a tail current upon
repolarization to -65 mV from several depolarized voltages (Fig. 24a). In experiments using
NMDA, the repolarization induced inward current peak (Ipca) depended on the amplitude of the
previous depolarization, having a significantly larger value following repolarization to -65 from
95 than from 55 mV (Fig. 24b). Similar results were seen in experiments using Glu; Iyeac Was
significantly larger following repolarization to -65 mV from 95 than from 35 mV (Fig. 24b).

Following the Iycak, the current returned to the baseline level over several ms. The return
to baseline was well fit with a single exponential equation. In NMDA experiments, the time
constant of the current return to baseline (t.) was 3.26 + 0.43 and 3.90 + 0.24 ms following
repolarization to -65 from 55 and 95 mV, respectively. In Glu experiments, T,f was 1.62 + 0.08
and 1.83 + 1.51 ms following repolarization to -65 from 35 and 95 mV, respectively. Taken
together, these data suggest that NR1/2A receptors, like NR1/2B receptors, display inherent
voltage dependence such that the Pgpen of NR1/2A receptors is enhanced at depolarized

membrane potentials.

4.4.2 Model of inherent voltage dependence of NR1/2A receptors

Previous work has shown that a model containing voltage dependence of the NR2B pre-
gating conformational change can account for NR1/2B receptor current responses to changes in
membrane voltage in 0 and 1 mM Mg, (see Chapter 2). We next set out to determine if a
similar voltage-dependent model would predict NR1/2A receptor currents accurately. As a
starting point, we augmented the previously described NR1/2B Model to represent NR1/2A
receptor activation based on Erreger et al. (2005), in which the unique activation kinetics of
NR1/2A receptors are described (the NR1/2A Model, Fig. 25a). For all model fitting and
simulations, rates were set to those describe in Table 7. The rate constant representing the pre-

gating conformational change of the NR2A subunit (k) was modified to change exponentially

96



a NMDA

95 mV
55mV
-65 mV
A IZSU pPA
TN 5 ms
] S e I S e I s
base ------------ %A___-_ ...... -
b -
2] [ ]
*
L = e
g <
= NMDA
1 o Glu
0 T T T
35 55 95

Figure 24. Tail currents following return to -65 mV from several depolarized voltages.

(a) Currents elicited by application of NMDA (bottom trace) during repolarization from 55 mV
(thick) or 95 mV (thin) to -65 mV. Immediately following repolarization to -65 mV, the current
exceeds the steady-state current measured at -65 mV (base, dotted line). Membrane voltage is
indicated by the top trace. (b) Ipca values depend significantly on the amplitude of the initial
membrane depolarization and become larger following return to -65 mV from more depolarized
voltages. Similar results were obtained in experiments utilizing NMDA (black squares) or Glu

(open circles). * p<.01 and ** p <.001.
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with membrane voltage based on the following equation:

ks+ = kst 100mv * exp[(Vim + 100 mV)/Vdep] (1)
where kgt j00mv 1S the rate at -100 mV (230 s'l), Vi, is the membrane voltage, Vdep is the voltage
sensitivity of ks As a first attempt, we set Vdep to the same level as in the NR1/2B model (e-
fold per 175 mV). We reasoned that similar voltage dependence of ks may impact NR1/2A and
NR1/2B currents differently because NR1/2A receptors undergo pre-opening conformational
changes more rapidly than NR1/2B receptors (Erreger et al., 2005).

Before current simulations were run, receptor number and desensitization rates were
determined because these parameters vary widely from cell to cell. To determine receptor
number and desensitization rates, the NR1/2A model was fitted to whole-cell currents in
response to an application of 1 mM glutamate at -65 mV in 0 mM Mg, (Fig. 25b). During
fitting, receptor number and desensitization rates were the only free parameters, with all other
rates fixed to the values in Table 7. Consistent with previous reports (Erreger et al., 2005),
NR1/2A receptor currents were well fit by a model containing two desensitized states (Fig. 25b,
d). Once receptor number and desensitization rates were determined, all rates were fixed and the
NR1/2A model was used to simulate currents in response to depolarizations from -65 to 35 and
95 mV. The current simulations showed reasonable agreement with experimentally recorded
NR1/2A receptor currents (Fig. 25¢, €). In contrast, current simulations from a model containing
the rates in Table 7, but no voltage dependence, underestimated outward current levels in
response to each depolarization (Fig. 25¢, e, black lines).

A similar set of experiments were carried out in the presence of 1 mM Mg**,. To account
for block by Mg2+0, an additional “blocked arm” was added to the NR1/2A model (Fig. 26a).
The blocked arm followed a trapping block scheme in which the NMDA receptor channel was
able to close while bound by Mg*",, trapping the Mg”", ion within the pore. The NR1/2A model
was assumed to be symmetric, meaning that the corresponding rates in the blocked and
unblocked arms were equivalent. This is in contrast to previous models developed to explain
slow Mg”", unblock (Kampa et al., 2004; Vargas-Caballero and Robinson, 2004), which
proposed asymmetric models (see Discussion). Due to the strong inhibition of NR1/2A receptor

currents
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Figure 25. Depolarization induced slow relaxation can be reproduced by a model
containing inherent voltage dependence of NR1/2A receptor activation. (a) Kinetic model
used to simulate NR1/2A receptor activation based on Erreger et al. (2005). Red arrows indicate
rates (ks+) which were voltage dependent (e-fold change per 175 mV). The voltage dependence
was such that kg became more rapid with depolarization. (b) Current traces (bottom grey trace)
during application of 1 mM glutamate at -65 mV. Model fits are overlaid (red traces). Fitting
was performed on the first 8-s of the current response (prior to hatch marks) with desensitization
rates and receptor number allowed to vary. Once the receptor number and desensitization rates
were determined, all rates were fixed and the NR1/2A model was used to simulate currents (blue
traces) in response to depolarization from -65 to 35 mV. Membrane voltage is indicated by the
top trace. (C) Enlarged view of the current trace (grey) and current simulation (blue) in response
to a depolarization from -65 to 35 mV. Current simulations from a model containing no voltage
dependent rates are overlaid (black trace). (d, e) As in (b & ), except the depolarization was

from —65 to 95 mV.
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Table 7. Rates used for NR1/2A receptor model fitting

and current simulations.

Unit Rate Constant

Kon MY 31.6

kBor s 1010
ket s 230
ks s 178
ke s 3140
ke 5 174
Kqi+ s Determined by fitting
kai+ s Determined by fitting
K- s Determined by fitting
kao+ s Determined by fitting
Kqo- s Determined by fitting

Where indicated, rates were determined by fitting the
NR1/2A Model to macroscopic currents as described in the
text (see Fig. 24, 25). The remaining rates were taken
directly from Erreger et al. (2005). # indicates that this rate
was modified to change exponentially with membrane
voltage as described in the text. During current simulations
(indicated by blue traces) all rates were fixed.
Corresponding rates in the unblocked and blocked arms were

equivalent.
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by 1 mM Mngr0 at -65 mV, receptor number and desensitization rates were determined by fitting
the NR1/2A Model to whole-cell currents in response to an application of 1 mM glutamate at 35
mV. As seen above, excellent fits were obtained using a model which contained two
desensitized states (Fig. 26b). The desensitized states were omitted from Figure 26a for clarity,
but were present during fitting. The desensitized states were accessible from the RA,; state in the
unblocked arm and the RA;Mg state in the blocked arm. Once receptor number and
desensitization rates were determined, all rates were fixed and current simulations were
generated in response to voltage jumps from -65 to -25, 35, and 95 mV. The NR1/2A Model
provided reasonable fits to the experimental data, accounting for the slow component of Mg”",
unblock (Fig. 26d-f). In contrast, a model containing no voltage dependence provided poor

estimates of the current responses to all three depolarizations (Fig. 26d-f).

4.4.3 Kinetics of slow relaxation of NR1/2A currents

Thus far, we have shown that the NR1/2A model can reasonably reproduce slow NRI1/2A
receptor current relaxations in 0 and 1 mM Mg**,. We have shown previously that the slow
component of depolarization-induced current relaxation in 1 Mg*", is larger and displays faster
kinetics from NR1/2A than NR1/2B receptors (Table 7 and (Clarke and Johnson, 2006)). Is the
NR1/2A model able to reproduce these results? A direct comparison of NR1/2A and NR1/2B
Model simulations in 1 mM Mngr0 shows a more rapid initial relaxation of NR1/2A currents, but
overall a larger enhancement of NR1/2B currents in response to membrane depolarization (Fig.
27a,b). The current simulations contained a large slow component with a tau (Tgow) of 1.81 ms
for NR1/2A simulations and 3.57 ms for NR1/2B simulations. These values are very similar to
the values obtained from multi-exponential fits of experimental data (Fig. 27c). The voltage-
sensitivity of k¢ in the NR1/2A Model was identical to the voltage-sensitivity of kg in the
previously described NR1/2B Model. These results suggest that differences in gating kinetics
(Erreger et al., 2005) can at least partially account for the NR2 subunit differences in the kinetics
of Mg%0 unblock.
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Figure 26. Slow Mg, unblock can be explained by voltage dependent gating of NR1/2A
receptors. (a) A schematic of the kinetic model used to simulate NR1/2A receptor currents.
An additional arm (termed the “blocked arm™) was added to the NR1/2A Model to account for
block by Mg**,. Red arrows indicate rates (ky+) which were voltage sensitive (e-fold per 175
mV) (b) Current traces (grey trace) during application of 1 mM glutamate in the presence of 10
uM glycine and 1 mM Mg**, while the cell was held at 35 mV. The NR1/2A Model was fitted
(red trace) to the current response to 1 mM glutamate at 35 with desensitization rates and channel
number as free parameters. (C) Current simulations (red trace) and experimental data (grey
trace) during application of 1 mM glutamate and 1 mM Mg*', at -65 mV. Once a steady state
response was reached the cell was depolarized from -65 to 35, -25 and 95 mV. Model
parameters were fixed as those determined from the fit in (). (d, e, f) Expanded views of
current traces (grey) and simulations (red) in response to a depolarization from -65 to 35 (d), -25
(e), and 95 mV (f). Current simulations from a model containing no voltage dependence are

overlaid (black traces).
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Figure 27. NR2 subunit specific gating kinetics lead to differences in Mg®*, unblocking
kinetics. (a, b) Current simulations from the NR1/2A (red) and NR1/2B (black) Models in
response to a voltage jump from -65 to 35 mV. Simulations are taken directly from Figure 25b
(NR1/2A) and Figure 19c¢ (NR1/2B). (c) Current simulations (black triangles) contain a
prominent exponential component which is similar to that obtained from multi-exponential fits to
experimental data (open squares). Even thought the NR1/2A and NR1/2B Models contain
identical voltage sensitivity, the NR1/2A Model predicts more rapid depolarization-induced
Mg?*, unblock.

103



4.4.4 Mg**, unblock and desensitization

In NR1/2A Model simulations there was an additional slow component of current relaxation with
a time constant of several hundred ms (Fig. 27b). This second slow component accounted for as
much as 28% of the total relaxation of NR1/2A Model simulations. The additional slow
component arose due to slow egress of channels from Mg”’,-bound, desensitized states (data not
shown). Because the additional slow component developed as desensitization proceeded,
simulations in which voltage-jumps are applied shortly following receptor activation do not
display the second slow component (Fig. 28a, b).

These simulation results suggest depolarizations occurring long after receptor activation
would be less effective at stimulating Mg®’, unblock from NRI/2A receptors than
depolarizations occurring shortly after receptor activation. We next set out to determine if, in
recombinant NR1/2A receptors, depolarizations occurring shortly after receptor activation
stimulate faster Mg2+o unblock than depolarizations occurring long after receptor activation. To
this end, we applied brief (2.5 ms) depolarizations from -65 to 35 mV at various time points
during a 600 ms application of 1 mM glutamate in the continuous presence of 10 uM glycine and
1 mM Mg”’, (Fig. 28c). We then measured the peak of inward current upon repolarization to
—65 mV (Irepor), prior to re-block by Mg®",. The repolarization-induced peak reflects the number
of unblocked NR1/2A receptors and is the point at which maximum Ca”" influx occurs. The Lrepol
values were normalized to remove effects of desensitization (see Methods). Regardless of the
time post-agonist application at which the depolarization occurred, the normalized I..po values
were not statistically different (Fig. 28d). These data suggest that the kinetics of depolarization-
induced Mg*", unblock from NR1/2A receptors do not depend critically on the timing between
agonist application and membrane depolarization (Clarke and Johnson, 2006), but see (Kampa et

al., 2004).
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Figure 28. Depolarization induced inward currents do not depend on the timing between
receptor activation and membrane depolarization. (a) Current simulations from the NR1/2A
Model in response to application of 1 mM glutamate at 35 mV (grey) or at -65 mV (red). During
the current simulation to glutamate application at =65 mV, 500 ms depolarizing voltage steps
from -65 to 35 mV were applied either 10 ms or 3.0 s after receptor activation. Current
simulations were performed in the presence of 1 mM Mg®",. (b) Current simulations from (a)
are enlarged around the region of membrane depolarization. To allow comparisons, current
simulations in response to depolarizations from —65 to 35 mV applied either 10 ms (black) or
500 ms (red) after receptor activation are shifted so that the time of depolarization is identical.
To remove effects of desensitization, the depolarization-induced simulated currents were
normalized to currents from a simulated response to glutamate application at a constant
membrane potential of 35 mV. A second slow component with a 1 of several hundred ms is only
present in response to the voltage jump occurring 3 s following receptor activation. () NR1/2A
receptor currents (bottom traces) recorded in response to application of 1 mM glutamate at -65
mV in the continuous presence of 1 mM Mg*",. Currents are shown either just in response to
glutamate application (grey traces), or in response to glutamate application during which several
2.5 ms depolarizations to 35 mV were applied (red traces). Depolarizations (top trace) were
applied at various time points (15, 50, 100, 200, 500 ms) following receptor activation. (d)
Pooled Ipca values induced by 2.5 ms depolarizations occurring at various time points following
NRI1/2A receptor activation. All recordings were done in the continuous presence of 1 mM

Mg2+0_
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45  DISCUSSION

Here, we report a slow relaxation of NR1/2A receptor currents in response to membrane
depolarization in 0 Mg*",. The kinetics of the slow current relaxation are nearly identical to the
kinetics of slow Mg”", unblock (Table 6), suggesting a common molecular mechanism. A
kinetic model of NR1/2A receptor activation containing weak inherent voltage dependence of the
NR2A subunit pre-opening conformational change (the NR1/2A Model) reasonably reproduced
NR1/2A receptor currents in response to depolarizations in 0 and 1 mM Mg*",. These data
suggest that gating of the NRI1/2A receptor, like the NRI1/2B receptor, is modulated by

membrane voltage.

4.5.1 Inherent voltage dependence of NMDA receptors

A number of observations in the literature suggest that NMDA receptors display inherent voltage
dependence. A slow component of current relaxation in response to membrane depolarization
has been reported previously from native hippocampal NMDA receptor currents recorded in 0
Mg2+0 (Benveniste and Mayer, 1995; Spruston et al., 1995). The slow current relaxation
accounted for as much as 23% of the total response to a depolarization from -100 to 60 mV and
was well fit by an exponential component with a t of 2.5 ms (Benveniste and Mayer, 1995).
These results are consistent with expression of NR1/2A receptors, which is plausible based on
previous studies showing high expression of the NR2A subunit in the hippocampus (Monyer et
al., 1994). Several studies have also shown that NMDA-EPSC decay becomes slower with
depolarization (Konnerth et al., 1990; Keller et al., 1991; D'Angelo et al., 1994). Finally, the
NMDA receptor open probability (Popen) has been reported to increase with membrane
depolarization (Nowak and Wright, 1992; Li-Smerin and Johnson, 1996; Li-Smerin et al., 2000)
The previous data suggesting that NMDA receptors display inherent voltage dependence
led us to investigate if voltage dependent gating could also explain the slow NR1/2A receptor

current relaxations we observed in response to membrane depolarization. Using kinetic
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modeling, we were able to show that a voltage-dependent NR1/2A model (the NR1/2A Model)
reasonably reproduced NR1/2A receptor currents in response to membrane depolarization in 0
and 1 mM Mg”",. The NR1/2A Model was adapted from the NR1/2B Model (Fig. 15) based on
previous work describing the gating kinetics associated with NR1/2A receptor activation
(Erreger et al., 2005). Erreger et al. (2005) hypothesized that NR1/2A receptors undergo pre-
gating conformational changes more rapidly than NR1/2B receptors (Erreger et al., 2005). Thus,
we reasoned that identical voltage sensitivity (e-fold per 175 mV) of the forward rate (ks:) of
NR2 subunit pre-opening conformational change may differentially impact NR1/2A and NR1/2B
currents. Indeed, in model simulations the NR2 subunit differences in gating lead to more rapid
relaxation of NR1/2A than NR1/2B receptor currents in response to membrane depolarization
(Fig. 27). A similar trend was also seen in experimental recordings (Table 7). These data
suggest that NR2 subunit differences in gating kinetics can explain the NR2 subunit-dependent

differences in depolarization induced current relaxations (Clarke and Johnson, 2006).

45.2 Desensitization and Mg®*, unblock

An interesting discrepancy between current simulations and experimental data is that the
NR1/2A model predicts a large, very slow second slow component (t of several hundred ms)
Mg®", unblock. In our hands, a very slow component of Mg®", unblock is only seen under
certain experimental conditions (Table 6, and (Clarke and Johnson, 2006)), although the very
slow component never accounted for more than 10% of the total current relaxation. This is in
contrast to NR1/2A Model simulations in which the very slow component of Mg**, unblock
accounts for as much as 23% of the total current relaxation in response to depolarization. These
simulation results agree with the previous observation of a large very slow component of Mg”",
unblock from native NMDA receptors ((Kampa et al., 2004), but see (Vargas-Caballero and
Robinson, 2004)). In Kampa et al. (2004), and in NR1/2A Model simulations here, there is
relationship between the very slow component of Mg*", unblock and desensitization (Fig. 28).
The experimental variability of the very slow component of Mg*", unblock may, at least in part,
arise because NMDA receptor desensitization varies both with the duration of recording and the

experimental preparation (Sather et al., 1990; Sather et al., 1992)
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The characteristics of the very slow component of Mg®", unblock in NR1/2A Model
simulations and experimental data presented here are significantly different, suggesting that the
arrangement of the desensitized states in the NR1/2A model may be inappropriate. In the current
NR1/2A Model, the desensitized states are accessible from the A2R state, as has been previously
proposed (Banke and Traynelis, 2003; Erreger et al., 2005). However, the exact location of the
desensitized states is difficult to determine and remains unclear (Gibb, 2004). For example, in a
recent study from Schorge, Elenes, & Colquhoun (2005), a model of NR1/2A receptor activation
is proposed which contains a single desensitized state accessible only once the receptor is fully
bound by both glutamate and glycine and the NR1 subunit has undergone pre-gating
conformational changes (Schorge et al., 2005).

The very slow component of Mg*", unblock has been suggested to play a role in shaping
the time-window for STDP by rendering depolarizations occurring long after receptor activation
less effective at stimulating Mg®", unblock than depolarizations occurring shortly after receptor
activation (Kampa et al., 2004). Here, in experimental conditions in which the very slow
component of Mg”’, unblock is negligible, we find no relationship between the kinetics of Mg,
unblock and the timing between receptor activation and membrane depolarization (Fig. 28c, d).
These results suggest that in the absence of a very slow component of unblock, the kinetics of
Mg*", unblock do not alter the time-window for STDP mediated by NR1/2A receptors. Thus, in
future studies it will be important to determine under which conditions the very slow component

of Mg*", unblock is present.

4.5.3 Functional implications for synaptic currents

The NR1/2B Model predicts voltage-dependent decay of synaptic-like NR1/2B receptor currents
(Fig. 22). To determine if the NR1/2A Model predicts similar voltage-dependent decay we used
the NR1/2A Model to simulate NRI1/2A receptor currents in response to a synaptic-like
glutamate waveform. To eliminate any potential complications from receptor desensitization, all
simulations were performed using models lacking desensitized states. All other rates were set to
those shown in Table 7. Figure 29a shows the current responses of 100 NR1/2A receptors to a
synaptic glutamate waveform at membrane potentials of -70, -30, -10 and 30 mV in the presence

of 1 mM Mg*",. Similar to the results observed using the NR1/2B Model (Fig. 22), the decay of

109



the simulated NR1/2A synaptic-like currents is voltage dependent (Fig. 29b). Voltage-
dependent changes in the kinetics of NMDA receptor mediated EPSCs may be an important
mechanism by which depolarization enhances NMDA receptor mediated currents, beyond relief

of Mg%O block.
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Figure 29. Decay of NR1//2A synaptic-like current simulations is only modestly influenced

by membrane voltage. (a) Simulations of NR1/2A receptor currents (top traces) in response to
a synaptic-like glutamate application (bottom trace) in the presence of 1 mM Mg**,. Simulations
were performed at a variety of membrane potentials using the rates from Table 7 and no
desensitized states. (b) The response at 30 mV was inverted (blue trace) and the peak current
from each simulation in (a) was normalized to ease comparisons of decay time. The decay

slowed modestly with depolarization from -70 to 30 mV.

111



5.0 GENERAL DISCUSSION

The research presented in this dissertation focused on the relationship between NMDA receptor
gating, membrane voltage, and block by Mg®",. In addition, we investigated how these
characteristics are modified based on the type of NR2 subunit present within a functional NMDA
receptor. The main conclusions were that NR1/2A and NR1/2B receptor activation displays
inherent voltage dependence, while NR1/2C and NR1/2D receptor activation does not. The
voltage dependence of NR1/2A and NR1/2B receptor activation led to a slow component of
Mg, unblock that was not observed from NR1/2C and NR1/2D receptors. In the following
discussion I will address some of the broader mechanistic and physiological implications of the

research.

5.1 SLOW UNBLOCK VERSUS SLOW POTENTIAION

One of the main conclusions of this dissertation is that the inherent voltage dependent
characteristics of NR1/2A and NR1/2B receptors can account for slow relaxations in response to
depolarizations in both the absence and presence of Mg>’,. We were drawn to the potential
relationship between slow current relaxations in the absence and presence of Mg*", because they
shared similar kinetics and NR2 subunit dependence. Slow current relaxations in 0 and 1 mM
Mg**, were observed in response to membrane depolarization in experiments from NR1/2A and
NR1/2B receptors. In contrast, NR1/2C and NR1/2D receptor currents relaxed very rapidly in
response to membrane depolarization in the 0 and 1 mM Mg*",. Even large amplitude
depolarizations did not elicit a slow component of NR1/2D receptor current relaxation (Fig. 30).
To account for slow current relaxation in response to membrane depolarization in 0

Mg**,, we proposed two models in which the open state of NR1/2A and NR1/2B receptors are
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Figure 30. NR1/2D receptor currents do not display a slow component in response to
depolarization in 0 Mg*,. NR1/2D receptor currents (bottom traces) were activated by
application of 30 uM NMDA in the continuous presence of 10 uM glycine and 0 Mg**,. Once a
steady-state current was reached, the voltage was changed from -65 to -25 (blue), 15 (olive), 35
(yellow), 55 (magenta), and 95 mV (cyan). In response to membrane depolarization, NR1/2D
receptor currents relaxed from inward to outward currents very rapidly, with the outward current

reaching a steady-state level within 2 ms of the end of the voltage jump.
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stabilized at depolarized voltages. These models are consistent with the previous observation
that the Popen of NMDA receptors is higher at depolarized membrane potentials (Nowak and
Wright, 1992; Li-Smerin and Johnson, 1996; Li-Smerin et al., 2001). In the presence of Mg*",
the proposed models become more complicated. A portion of the slow relaxation upon
membrane depolarization in the presence of Mg”", reflects stabilization of the open state similar
to that seen in the absence of Mg*",. However, the addition of Mg”", increased the amplitude of
the slow relaxation (Fig. 19b). The slow component is exaggerated in the presence of Mg*",
because of slow exit of receptors from the blocked arm. In this discussion, slow current
relaxation in the presence of Mg®", will be functionally defined as slow Mg”", unblock, even
though a portion of the relaxation reflects higher occupation of the open state by channels which
have already unblocked Mg’

It is important to note that the models described in this dissertation differ from previous
models that suggest slow Mg®", arises from alterations of one, or more, NMDA receptor
characteristics when the receptor is blocked by Mg*", (Kampa et al., 2004; Vargas-Caballero and
Robinson, 2004). It is entirely possible that a truly accurate model would contain a combination
of voltage dependent activation and slightly different gating kinetics in the presence of Mg*",.
However, in this general discussion only models containing inherent voltage dependence are

discussed.

5.2 INTERACTIONS BETWEEN BLOCKERS AND CHANNEL GATING

Several NMDA receptor channel blockers have been shown to alter channel gating to some
extent while blocking (Blanpied et al., 1997; Dilmore and Johnson, 1998; Sobolevsky et al.,
1999; Sobolevsky and Yelshansky, 2000; Blanpied et al., 2005). The impact of block by Mg*",
on channel gating remains controversial. The NR1/2A and NR1/2B Models presented in this
dissertation assume that Mg”", block does not impact any aspects of NMDA receptor channel
gating. In contrast, two models previously proposed to account for the slow component of Mg*",
unblock suggest that Mg>", block enhances channel closure alone (Vargas-Caballero and
Robinson, 2004), or in concert with alterations in the rates of desensitization and agonist

unbinding (Kampa et al., 2004).

114



Data relevant to the issue of how Mg2+o block affects channel gating come from
experiments using the open channel blocker amantadine. Amantadine has recently been shown
to increase occupancy of the closed state of the NMDA receptor when blocking by accelerating
the rate of channel closure (Blanpied et al., 2005). The degree to which amantadine block
accelerates channel closure (~3-fold) is very similar to that proposed for Mg®", block (Vargas-
Caballero and Robinson, 2004). If block by amantadine and Mg2+0 both accelerate channel
closure, and acceleration of channel closure leads to the slow component of Mg*", unblock, then
unblock of amantadine would be expected to display a slow component. Indeed, depolarization-
induced amantadine unblock does display a prominent slow component (Fig. 31a). However,
depolarization induced unblock of amantadine proceeds significantly slower than unblock of
Mg®", (Fig. 31b, Table 8), even though amantadine unblocks from open NMDA receptor
channels even faster than Mg, (Blanpied et al., 2005). These data suggest that any influence of
Mg**, block on NMDA receptor gating must be less than that observed during amantadine block.

The interactions between channel blockers and gating can provide information regarding
the conformational changes associated with channel activation. Because amantadine is trapped
by NMDA receptor channels (Blanpied et al., 1997), the site at which amantadine binds must be
deep within the channel pore, at, or near, the narrowest constriction of the channel. The binding
site for Mg”", has also been proposed to lie at narrowest constriction of the NMDA receptor
channel (Wollmuth et al., 1998). If the only gating-associated conformational changes occurred
near the narrowest constriction of the channel, block by both amantadine and Mg, could be
expected to alter channel gating equally. However, amantadine impacts channel gating more
than Mg*",, suggesting that portions of the NMDA receptor protein other than the narrowest
constriction undergo gating associated conformational changes.

Previous data suggest that the external vestibule changes conformation upon channel
gating (Sobolevsky et al., 2002). Amantadine, because it is larger than Mg”",, would be able to
better interact with gating associated conformational changes of the external vestibule. Because
amantadine block accelerates channel closure, there must be interactions between the external
vestibule and amantadine which stabilize the closed state of the NMDA receptor channel. This
hypothesis suggests that the size of a blocker should correlate with the degree to which the
blocker interacts with channel gating, with larger blockers having a more profound impact on

channel gating. However, not all interactions between channel blockers and gating lead to more
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Figure 31. Following a rapid depolarizing step, unblock of amantadine contains a
prominent slow component. (a) Whole-cell current records during a voltage step from -67 mV
to 40 mV in the presence of 30 uM NMDA + 10 uM glycine (thin trace) and the indicated
concentration of amantadine (thick trace). (b) An expanded time scale of whole-cell current
records during a voltage step from -67 mV to 40 mV in the presence of 30 uM NMDA + 10 uM
glycine and the indicated concentration of the extracellular channel blocker Mg®" (thin trace) or
amantadine (thick trace). The same concentration of blocker (100 uM) was used for amantadine
and Mg”" because at this voltage (—67 mV) amantadine and Mg”" have similar IC50 values, ~40
uM (Blanpied et al., 1997; Qian et al., 2002; Blanpied et al., 2005; Qian et al., 2005). Currents
are normalized to the steady state level before the voltage step and the steady state level
following the voltage jump to remove potentiation by Mg>" present in NR1/2B receptors

(Paoletti et al., 1995). Lines above the current traces indicate the time of voltage change.
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Table 8. Current relaxations following rapid depolarizing voltage steps.
NMDA /

glycine +  Tax(ms)  AMP(%) T (ms)  amPaon (%) Tuma(ms) DA
0 blocker 3384+ .016 88.46+1.63 1448+6.85 11.5+1.63
100 uM
. 2794 .027 53.09+3.32 5.17+.51 27.54+1.86 153.04+591 19.37+1.58
amantadine

100 uM Mg™  .399+.031 7131 +1.47 8.51+.42 28.69+1.47

The membrane voltage of an HEK 293T cell expressing NR1/2B receptors was stepped from —67
mV to +40 mV in the presence of 30 uM NMDA/I0 uM glycine + 0 blocker, 100 uM
amantadine, or 100 pM Mg>". The resulting current traces were fit using either a double

(NMDA/glycine + 0 blocker and 100 pM Mg*") or a triple (NMDA/glycine + 100 pM
amantadine) exponential equation. Mean + SEM.
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rapid channel closure; sequential blockers prevent NMDA receptor channel closure (Benveniste
and Mayer, 1995; Antonov and Johnson, 1996; Sobolevsky et al., 1999). Thus, characteristics
other than size alone must determine the functional consequences of interactions between
channel blockers and gating associated conformational changes of the NMDA receptor. It is
important to note that these data do not rule out the possibility that the activation gate lies at the
narrowest constriction of the channel. Instead, they only suggest that other portions of the

NMDA receptor protein must change conformation in response to channel gating.

5.3 MUTATIONS INFLUENCING VOLTAGE DEPENDENT CHARACTERISTICS

Experiments investigating the NR2 subunit dependence of Mg®", blocking characteristics have
provided some insight into the molecular mechanisms underlying inherent voltage dependence of
NMDA receptor activation. A single amino acid mutation has recently been identified that
changes the NR1/2A receptor Mg, ICso to that observed for NR1/2D receptors (Gao et al.,
2004). The amino acid is located close to the intracellular end of M3 (Fig 32a). In NR2A and
NR2B, the residue is a serine, while in NR2C and NR2D the residue is a lysine. When the
mutant NR2A subunit (NR2AS632L) is expressed with wild-type NR1, the Mg”", ICso measured
at -65 mV is 211 uM, which is much closer to that of wild-type NR1/2D receptors (191 uM)
than wild-type NR1/2A receptors (40 uM) (Gao et al., 2004). Surprisingly, this mutation also
eliminates slow Mg®", unblock; depolarization induced Mg*", unblock from S632L mutant
receptors is extremely rapid (Fig 32D, c).

Potential mechanistic explanations for the impact of the S632L mutation can be gleaned
from previous work on the voltage-dependent modulation of ligand-gated receptors. To account
for the voltage dependence of the rate of nicotinic acetylcholine receptor channel closure
(Magleby and Stevens, 1972), two separate, but not mutually exclusive, mechanisms have been
proposed. The first mechanism proposes that occupation of a permeant ion binding site alters
channel closure (Ascher et al., 1978; Marchais and Marty, 1979). Occupation of the site was
proposed to be favored at hyperpolarized voltages, and when occupied, inhibit channel closure.
The second mechanism suggests that gating associated rearrangements of charged moieties in the

nicotinic acetylcholine receptor protein influence channel closure (Auerbach et al., 1996). The
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Figure 32. Elimination of slow Mg®*, unblock by a single amino acid substitution. (a)
Schematic representation of the NMDA receptor subunits (above). The amino acid sequence
near the intracellular face of M3 has been blown up and the sequences for the NR2A and NR2D
subunits are aligned. There is high conservation of this region between subunits, except for
residue 632, which is a serine (S) in NR2A and a leucine (L) in NR2D. (b) Representative
whole cell current traces (bottom) from NR1/2AS632L receptors in response to a depolarization
from -65 to 35 mV (top trace). Depolarizations were applied during a steady state response to 30
uM NMDA and 10 uM glycine in the presence of 0, 1, or 5 mM Mg*",. (c) Pooled results from
single exponential fits of current responses to a depolarization from -65 to 35 mV in the presence

of 0 (black), 1 (red), or 5 mM Mg*", (blue).
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later of these two mechanisms has also been suggested to underlie the voltage dependence of
glycine receptor channel closure (Legendre, 1999). Below is a discussion of how these

mechanisms may contribute to the voltage dependence of NMDA receptor activation.

5.3.1 Voltage dependence and permeant ions

One plausible explanation for the impact of the NR2A(S632L) substitution is that the mutation
disrupts a permeant ion binding site involved in NRI/2A and NRI1/2B receptor voltage
sensitivity. The location of the S632L mutation suggests that the amino acid would participate in
forming an intracellular binding site (Fig. 32a). In order to be consistent with the data presented
in this dissertation, the site would need to display one of two characteristics: 1. Occupation of the
site encourages channel opening and is favored at depolarized potentials. 2. Occupation of the
site discourages channel opening and is favored at hyperpolarized potentials.

To test the validity of the hypothesis that an intracellular permeant ion binding site is
involved in voltage dependent gating, we performed voltage jump experiments using an
intracellular solution containing zero permeant ions (intracellular solution composed of the
impermeant ion NMDG). The results showed that upon repolarization from 35 to -65 mV, a
significant tail current was still observed (data not shown). The tail current is indicative of the
NMDA receptor entering a higher Py, mode upon depolarization to 35 mV even though little
ion flux occurs at this voltage. These data argue against the hypothesis that occupation of an
intracellular permeant ion binding site influences NMDA receptor channel opening.

It is possible that the S to L mutation induced a shift in M3 that altered a permeant ion
binding site located in another section of the protein. To explore this possibility we assessed the
depolarization induced current relaxation in altered extracellular permeant ions. We found that
the slow component of current relaxation in 0 Mg, persisted in a wide variety of extracellular
permeant ion concentrations (data not shown). We were particularly hopeful that extracellular
Ca®" may play a role in inherent voltage dependence. Yet the slow component of NR1/2B
receptor current relaxation induced by membrane depolarization was present in symmetric KCl,
which contains nominally 0 extracellular Ca®" (see Chapter 2).

An extremely high affinity Ca®" binding site exists near the extracellular mouth of

NMDA receptors (Premkumar and Auerbach, 1996; Sharma and Stevens, 1996). This high
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affinity site may be saturated even in nominally 0 extracellular Ca®" solutions (such as the
symmetric KCI solution used in Chapter 2), which can still contain several pM of free Ca>". To
truly lower free extracellular Ca®>" to near zero, solutions must include a Ca®" buffer such as
EGTA. Preliminary results using an extracellular solution containing 0 Ca>* and 1 mM EGTA
have shown little impact of the removal of Ca®" on the kinetics of NR1/2B receptor current
relaxations in response to depolarization (Fig. 33). There was a modest reduction of the
amplitude of the slow component of current relaxation in depolarization from -65 to 35 and 95
mV in 0 and 1 mM Mg*",, although the reduction does not appear to be significant (Fig. 33c).
Taken together, these data suggest that binding of permeant ions to the NMDA receptor channel
cannot fully explain the inherent voltage dependence of NR1/2A and NR1/2B receptor activity.
The data presented in this dissertation suggest that an intracellular ion binding site is not
critical for the voltage sensitivity of NR1/2A and NR1/2B receptor activation. However, the
observation that block by internal Mg®™ (Mg”>"j) stabilizes the NMDA receptor open state (Li-
Smerin and Johnson, 1996; Li-Smerin et al., 2001) would be consistent with voltage-dependent
occupation of an intracellular ion binding site. These seemingly contradictory results could be
resolved if NMDA receptors contained a super-high affinity binding site on the intracellular
entrance to the channel. The affinity of this hypothetical site would have to be so great that even
in our attempt to reduce intracellular permeant ions to 0, the site was still saturated. Another
possibility is that the intracellular binding site is so readily accessible from the internal solution
that the impermeant ion NMDG, which was the major intracellular ion during the 0 intracellular
permeant ion experiments described above, was able to bind to the site. These alternative
hypotheses will need to be addressed by future research before the relationship between

permeant ions and voltage-dependent NMDA receptor gating can be determined.

5.3.2 Gating associated movement of charged amino acids

Another potential mechanism to achieve inherent voltage sensitivity of channel activity would be
to have charged amino acids move in relation to the membrane voltage field upon channel
gating. Because neither the NR2A/B nor NR2C/D subunits contain a charged amino acid at
position 632, it seems unlikely that this amino acid is directly involved in inherent voltage

sensitivity. It is possible that the mutation induces a shift in the position of the M3 segment in
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Figure 33. Elimination of free extracellular Ca** does not have a large impact on NR1/2B
receptor current response to depolarization. (a) Representative whole-cell NR1/2B current
traces (bottom) in response to depolarizations from -65 to 35 mV (black) or 95 mV (red) in the
presence of 0 free extracellular Ca** (1 mM EGTA). Depolarizations were applied once the
current response to application of 1 mM glutamate and 10 uM glycine had reached a steady state
response. Membrane voltage indicated by top trace. (b, ¢) Pooled results from double
exponential fits of NR1/2B receptor current relaxations in response to 500 ms voltage steps from
-65 to 35 mV or 95 mV. Experiments were performed in normal extracellular solutions (closed
symbols) or in 0 extracellular Ca*" solutions (open symbols). Depolarizations were applied

during a steady state current response in 0 (squares) or | mM Mg, (circles).
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the membrane and alters the location of a charged amino acid in another section of the protein.
However, no amino acids are obvious targets for site-directed mutagenesis studies.  Further
research, both at the single channel level and utilizing structural modeling, may provide insight
into the molecular mechanisms underlying inherent voltage sensitivity of NR1/2A and NR1/2B

receptors.

54  VOLTAGE DEPENDENT ENHANCEMENT OF NMDA RECEPTOR
CURRENTS

Some of my initial experiments led to the conclusion that rapid depolarizations, such as somatic
AP waveforms, stimulate Mg2+0 unblock from only a fraction of NR1/2B receptors (Fig. 11).
These data seem to conflict with later experiments showing that models with and without voltage
dependent can reproduce NR1/2B currents in response to AP waveforms equally well (Fig. 21).
Some insight into the source of the discrepancy can be gleaned from NR1/2B model simulations
during depolarizations provided by the three AP waveforms used in Figure 11. Simulations
were generated using two NR1/2B models, one with and one without voltage dependence. Both
the voltage dependent and the voltage independent NR1/2B models lacked desensitized states.
All other rates were set to those shown in Table 5. In agreement with Figure 21, simulated
current responses to the somatic AP waveform are similar from models with and without voltage
dependence (Fig. 34). However, as the duration of the most depolarized voltage was increased
to 5 and then 25 ms, the current simulations from the two models diverge. The inward peaks
(Ipeaks) from the voltage independent NR1/2B model simulations are similar in response to all
three AP waveforms (Fig. 34). In contrast, the Iycas from the voltage dependent NR1/2B model
increase as the duration of the most depolarized voltage increased (Fig. 34). The Ipcas Were
normalized to the I,e in response to the 25 ms extended AP waveform, as was done in Figure
11. The voltage-dependent NR1/2B model predicted that the unaltered somatic AP waveform
will induce an Ipeax that is ~70% of the I,cac induced by the 25 ms extended AP waveform. In
contrast, the voltage independent NR1/2B model predicted a near constant I, value (Fig. 34).
The results from the voltage-dependent model show excellent agreement with the experimental

data shown in Figure 11.
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Figure 34. NR1/2B Model simulations in response to AP waveforms of varying duration.

Two NR1/2B models were used for simulations, one with and one without voltage dependent
modulation of the NR2B pre-gating conformation change (ks+). Both models contained no
desensitized states and all rates were fixed to those describe in Table 5. For the voltage
dependent model, ke changed exponentially with membrane voltage as described in Chapter 2.
Current simulations (middle traces) were run in response to a 5 s application of 1 mM glutamate
in the continuous presence of 1 mM Mg*",. After 3 s of glutamate application, one of the three
APs used in Figure 11 were applied as a voltage signal (top trace). The three APs were: somatic
AP, 5 ms extended somatic AP, and 25 ms extended somatic AP. Simulations were generated
using a voltage dependent (red) and a voltage independent (black) model. The repolarization
induced peak of inward current (Ipc.x) Was measured and expressed as a percentage of the Iycak

induced by the 25 ms extended somatic AP (bottom graph).
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The NR1/2B model simulations described above (Fig. 34) somewhat alter the interpretation of
the data presented in Figure 11. When the experiments in Figure 11 were first performed, it
was assumed that the single underlying cause of the reduction in the Ik in response to the
somatic AP was due to a population of receptors never unblocking Mg*",. Based on this
interpretation, we expected models which do not predict slow Mg2+o unblock to predict larger
currents in response to a somatic AP waveform than models which do predict slow Mg*",
unblock. Instead, it seems that in addition to slow Mg%0 unblock, another reason for the small
Ipeac 1n response to the somatic AP is an enhancement of the current response to the 25 ms
extended AP. These data would suggest that for a given brief depolarization, such as a back-
propagating AP, the difference in the amount of Mg®, unblock from NR1/2A and NR1/2B
receptors may be overestimated by Figure 11.

Despite the small change in the interpretation of the data in Figure 11, one physiological
implication remains the same: longer, and larger, depolarizations will enhance NR1/2A and
NR1/2B receptor currents. Do such depolarizations occur physiologically? Data showing that
NR1/2B receptor currents in response to several back propagating AP waveforms can be equally
well reproduced by models with and without voltage suggest that they may not (Fig. 21).
However, I would argue that with all of the variability in the characteristics of depolarizations
occurring within neurons, there are bound to be conditions under which inherent voltage
dependence of NMDA receptors is relevant. For example, cortical neurons can fire several APs
in a burst at frequencies up to 250 Hz (Tang et al., 1999). Within a critical frequency, back-
propagating APs during a burst can induce a regenerative Ca>~ spike that greatly increases the
duration of dendritic depolarization (Larkum et al., 1999). During these long duration
depolarizations, the data presented in this dissertation would predict a significant enhancement of
NMDA receptor current. It addition the enhancement of NR1/2B receptor currents would be
predicted to be larger than NR1/2A receptor currents. Interestingly, recent data has suggested
that dendritic Ca*" spikes play a crucial role in STDP (Kampa et al., 2004).

Long duration dendritic depolarization can also be observed during so-called “NMDA
spikes”. NMDA spikes occur upon co-activation of several closely spaced synapses on a
dendritic segment and result in highly superlinear summation of the individual excitatory post-
synaptic potentials (Schiller et al., 2000; Ariav et al., 2003; Polsky et al., 2004). In the dendrite,

a NMDA spike causes sustained dendritic depolarization, which simulations predict can

125



depolarized the membrane to ~0 mV for tens of ms (Rhodes, 2006). Such large amplitude and
long duration depolarizations are likely to lead to a significant enhancement of the NMDA
receptor Popen, resulting in enhanced NMDA receptor mediated currents in the region of the

dendrite in which the NMDA spike was initiated.

5.5 PHYSIOLOGICAL ROLES OF NMDA RECEPTOR SUBTYPES

In several places I have alluded to the notion that NR2 subunit specific properties may allow
different NMDA receptor subtypes to serve unique roles within the CNS. The developmental
and regional differences in NR2 subunit expression would provide a means by which the NR2
subunit specific properties of NMDA receptors could be fit with the needs of certain neuronal
connections. This hypothesis is supported by the description of NR2 subunit specific trafficking
of NMDA receptors within some neurons (Ito et al., 2000; Kumar and Huguenard, 2003).

5.5.1 The role of NMDA receptors as coincidence detectors

One of the most recognized physiological functions of the NMDA receptor is to serve as a
coincidence detector, signaling coordinated presynaptic glutamate release and postsynaptic
depolarization. Coincidence detection, along with high Ca®" permeability, have lead to the
notion that NMDA receptor activity is a critical component in many forms of long-term synaptic
plasticity (Bliss and Collingridge, 1993; Bear and Abraham, 1996; Malenka and Bear, 2004).
When the requirements for plasticity induction are discussed, NMDA receptors are often viewed
as a homogenous population of receptors. However, this is clearly not the case. The affinity for
Mg*", depends on the NR2 subunit present within a functional NMDA receptor (Monyer et al.,
1994). In addition, we have shown for the first time in this dissertation that the properties of
depolarization-induced Mg, unblock from NMDA receptors are also NR2-subunit dependent:
Mg*", unblocks from NR1/2C and NR1/2D receptors rapidly, while Mg®", unblock from NR1/2A

and NR1/2B receptors displays a prominent slow component.
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Slow Mg**, unblock and high Mg*", affinity make NR1/2A and NR1/2B receptors better
coincident detectors than NR1/2C and NR1/2D receptors. To illustrate this point, we played
three hippocampal AP waveforms (collected from the soma and 240 pum or 280 um out on the
dendrite) into an HEK 293 T expressing either NR1/2A or NR1/2D receptors (Fig. 35a). The AP
waveforms were applied during a steady-state response to 1 mM glutamate in the presence of 10
uM glycine and 1 mM Mg>",. The ratio of the peak inward current elicited by the AP waveform
(Ipeax) to the steady-state response to glutamate at -65 mV (I) was significantly (p <.001) larger
from NR1/2A than NR1/2D receptors in response to all three AP waveforms (Fig. 35b). The
Ipeak values from NR1/2A receptors scaled with the size of the depolarization, having the largest
value in response to the somatic AP waveform and the smallest value in response to the 280 um
AP waveform. In contrast, the Iyca values from NR1/2D receptors were similar in response to all
AP waveforms (Fig. 35b). Taken together, these data illustrate that depolarization induced
currents, as compared to baseline currents, are far greater via NR1/2A than NR1/2D receptors.
Better coincidence detection, along with higher Ca®" permeability (Burnashev et al., 1995),
suggests that NR1/2A and NR1/2B receptors are more likely to be involved in such processes as
long term changes in synaptic efficacy than NR1/2C and/or NR1/2D receptors. However, it
should be noted that NR1/2C and NR1/2D receptor activation has been implicated in LTD
(Hrabetova et al., 2000).

5.5.2 Differential roles of NR1/2A and NR1/2B receptors in synaptic plasticity

Even though both NR1/2A and NR1/2B receptors appear to be equipped to mediate long-
term changes in synaptic strength, the exact role of NR1/2A and NR1/2B receptors remains
controversial. In many brain regions, there is a developmental rise in NR2A subunit expression.
In both the barrel and visual cortices, the switch from high NR2B expression to high NR2A
expression has been correlated with the end of critical periods for LTP induction (Barth and
Malenka, 2001; Erisir and Harris, 2003). The involvement of the NR2B subunit in LTP has also
been supported by the observation that transgenic overexpression of the NR2B subunit leads to
mice that display enhanced LTP (Tang et al., 1999).

More recently, the role of NR1/2A and NRI1/2B receptors in plasticity has been

investigated using subunit specific antagonists. Several studies have found evidence that, within
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Figure 35. NRZ1/2A receptors are better equipped to act as coincidence detectors than
NR1/2D receptors. (a) Examples of whole-cell currents (bottom traces) elicited from HEK
293T cells expressing NR1/2A (black) or NR1/2D (red) receptors. An AP waveform (top trace)
recorded previously from 240 pm out on the dendrite of a CA1 pyramidal cell was applied as a
voltage command (AP waveform provided by Xixi Chen and Dan Johnston). The steady state
current at -65 mV (I) and the peak of inward current induced by the AP waveform (Ica) were
both measured. (b) Pooled results (NR1/2A, n = 5; NR1/2D, n = 4) of the Ica/Is ratio in
response to AP waveforms collected from the soma and 240 or 280 um out on the dendrite of a
CA1 pyramidal cell. For all AP waveforms the I/l ratio was significantly (p <.0001) larger
from NR1/2A than NR1/2D receptors.

128



the adult animal, LTP induction depends on NR1/2A receptor activation, while LTD induction
requires activation of NR1/2B receptors (Liu et al., 2004; Massey et al., 2004). Consistent with
these findings, Kim et al. (2005) found that in mature hippocampal cultures (30 days in vitro),
NR1/2A receptor activation promotes, while NR1/2B receptor activation inhibits, surface
expression of AMPA receptors. These studies are supported by model simulations which
suggest that LTD-like induction paradigms induce more charge transfer via NR1/2B receptors,
while LTP-like induction paradigms induce greater charge transfer via NRI1/2A receptors
(Erreger et al., 2005). However, several groups have reported contradictory results, suggesting
that NR1/2A and NR1/2B receptors participate in both LTP and LTD (Berberich et al., 2005;
Toyoda et al., 2005; Weitlauf et al., 2005). One major source of discrepancy regarding the NR2
subunit dependence of plasticity may rest on how well the NR2 subunit specific antagonists
differentiate between NR1/2A and NR1/2B receptors. While the NR1/2B receptor antagonist
ifenprodil has reliably been shown to selectively inhibit NR1/2B receptors (Williams, 1993), the
specificity of the NR1/2A receptor antagonist, NVP-AAMO77, has recently been called into
question (Neyton and Paoletti, 2006).

The mechanism by which distinct NMDA receptor subtypes could support different
forms of plasticity remains unknown. The kinetics and amount of Ca®" influx via different
NMDA receptor subtypes may play a key role. The results described in Chapter 1 suggested that
rapid depolarizations, such as AP waveforms, are more effective at stimulating Mg%0 unblock
from NR1/2A than NR1/2B receptors. These data support the notion that, during periods of
coincident pre and postsynaptic activity, Ca®" influx via NR1/2A receptors may be greater than
via NR1/2B receptors. However, these results must be tempered by the possibility that most
back-propagating APs may not provide the necessary depolarization to augment currents via
NRI1/2A or NR1/2B receptors. In addition, it is not clear how inherent voltage dependence
would impact NR1/2A and NR1/2B receptor currents during low- and high-frequency
stimulation paradigms, as those typically used to induce LTD and LTP, respectively.

Although not investigated in this dissertation, it is important to acknowledge that another
potential mechanism by which different NMDA receptor subtypes may support different forms
of plasticity is via coupling to distinct intracellular signaling pathways. The C-terminus of each
NR2 subunit allows unique interactions with different signaling and scaffolding molecules

(Sprengel et al., 1998; Sheng and Pak, 2000). For example, CAMKII binds much more tightly to
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the NR2B C-terminus than the NR2A C-terminus (Strack and Colbran, 1998; Leonard et al.,
1999; Mayadevi et al., 2002). Regulation of synaptic levels of CAMKII, due to varying
expression levels of the NR2A and NR2B subunit, has been proposed to regulate LTP induction
(Barria and Malinow, 2005).

From this discussion, it is clear that assessing the differential contributions of NR1/2A
and NR1/2B receptors to LTP and LTD is a difficult task. At this point the relationship between
NR1/2A and NR1/2B receptor activity and LTP and LTD remains unclear. However, based on
the available data it seems that the situation is far more complex than a simple association of

NR1/2A receptor activity with LTP and NR1/2B receptor activity with LTD.

5.5.3 The physiological significance of low Mg?*, affinity

Remarkably, there is a paucity of information regarding the functional significance of the
low Mg*", affinity of NR1/2C and NR1/2D receptors. In addition to low Mg**, affinity, we have
shown in this dissertation that NR1/2C and NR1/2D receptors display very rapid Mg2+o
unblocking kinetics. Less powerful inhibition by Mg*",, and rapid Mg*", unblocking kinetics,
reduces the ability of NR1/2C and NR1/2D receptors to serve as coincident detectors (Fig. 35).
So, if not to serve the canonical role assigned to NMDA receptors, what is the physiological role
of the NR1/2C and NR1/2D receptors?

The unique properties of Mg*", block and unblock of NR1/2C and NR1/2D receptors
should allow them to participate more readily in synaptic activity occurring at, or near, typical
resting membrane potentials. The NR2C subunit is highly expressed in the adult cerebellum,
most notably in granule cells (which also express the NR2A subunit). The NR2D subunit is
highly expressed throughout the embryonic brain and in some brain regions in the adult,
including the hindbrain, midbrain, and to a lesser extent the cortex (Monyer et al., 1994; Wenzel
et al., 1996; Dunah et al., 1998). If NR1/2C and NR1/2D receptors were important for synaptic
transmission, then NRC- and NR2D-knockout mice would be expected to show significant
deficits, particularly in brain regions in which they are highly expressed. However, mice lacking
NR2C expression in the cerebellum appear remarkably normal (Kadotani et al., 1996). If
expression of both the NR2A and NR2C subunits is eliminated in the cerebellum, mice do have

reduced
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Figure 36. Voltage-dependent increase of simulated NMDA-EPSCs is NR2 subunit
dependent. NR1/2A and NR1/2B receptor responses to a synaptic like application of glutamate
(Clements et al., 1992) were generated using Models containing the rates listed in Tables 5 and
8. Responses were generated at several voltages (-70, -50, -30, and -10 mV). The total charge
transfer (Q) was compared between models with (Qygp) and without (Qnovdep) Vvoltage
dependence. There was a larger impact of the inherent voltage dependence on NR1/2B
responses, resulting in a larger Qydep/Qnovdep ratio for NR1/2B (closed symbols) than NR1/2A
(open symbols) receptors. The total charge transfer was calculated as the area under the current
curve from the start of the response until the response had decayed to 5% of the peak value. The
amount of Ca®" entry is proportional to the total charge transfer because NR1/2A and NR1/2B

receptors display similar fraction Ca*" currents (Schneggenburger, 1996).
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NMDA-EPSCs measured in granule cells and display motor discoordination (Kadotani et al.,
1996). NR2D knockout mice are also viable and by many accounts are not significantly different
than wild-type mice, although the NR2D knockout mice do display a reduction in spontaneous
activity (Ikeda et al., 1995). The observation that NR2D knockout mice are viable is particularly
surprising because the high expression of the NR2D subunit in the embryonic brain suggests that
this subunit plays a particularly important role in development.

The data from knockout mice suggest that neither the NR2C nor the NR2D subunit play a
critical physiological role in the CNS. However, data from knockout experiments can be
difficult to interpret because the absence of either NR2C or NR2D subunit expression could be
overcome through compensation by other NR2 subunits. In wild-type animals, brain regions in
which NR2D subunits participate in synaptic transmission should be easy to identify because
NR1/2D receptors display unusually slow deactivation kinetics (Tgecay Of several seconds).
However, slowly decaying synaptic currents typical of NR1/2D receptors have yet to be
identified in the adult brain even though single-channel studies have provided evidence that
NR2D containing NMDA receptors are expressed by several cell types (Momiyama et al., 1996;
Cull-Candy et al., 1998; Misra et al., 2000; Brickley et al., 2003). These data suggest that in the
adult brain NR2D containing NMDA receptors may be located primarily, if not exclusively, at
extrasynaptic sites. However, the existence of synaptic triheteromeric receptors containing the
NR2D subunit cannot be ruled out.

NR2C and NR2D receptors may play a particularly important role in inhibitory
interneurons. The NR2D subunit is highly expressed by interneurons in several brain regions,
including the striatum, cortex, and hippocampus (Monyer et al., 1994; Standaert et al., 1996).
NR2C subunit expression has also been identified in striatal and hippocampal interneurons
(Monyer et al., 1994; Standaert et al., 1999). Electrophysiological recordings support the
hypothesis that interneurons express high levels of NR2C and/or NR2D containing NMDA
receptors. Inhibitory transmission is reduced upon application of the NMDA receptor antagonist
APV (Grunze et al., 1996). Application of MK-801, an open NMDA receptor channel blocker,
disproportionately inhibits NMDA receptors located on interneurons as opposed to pyramidal
neurons (Li et al., 2002). Both of these observations are consistent with interneurons containing

NMDA receptors which are active near typical resting membrane potentials.
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The physiological role of NR2C and/or NR2D expression by certain subtypes of
interneurons is not clear. It is interesting to note that NMDA receptor hypofunction has been
implicated in schizophrenia (Coyle et al., 2003). Data supporting this hypothesis come from
experiments showing that NMDA receptor blockers, such as PCP, can reproduce many
symptoms of schizophrenia (Morris et al., 2005). Because NR1/2C and NR1/2D receptors are
more active than NR1/2A and NR1/2B receptors at hyperpolarized membrane potentials, the
main result of MK-801 application may be blockade of NR1/2C and/or NR1/2D receptors. This
hypothesis suggests that NR1/2C and NR1/2D receptors play a critical role in controlling cortical
excitability via activity in interneurons, and that dysregulation of NR1/2C and NR1/2D receptors

may be involved in the etiology of schizophrenia.

5.6 SIGNALING VIA SYNAPTIC AND EXTRASYNAPTIC NMDA RECEPTORS

NMDA receptors are expressed across the entire surface of neurons, and not just clustered at
sites of synaptic contact. Patches pulled from almost any surface of a neuron yield NMDA
receptor mediated currents, although NMDA receptors are clustered at a higher density at
synaptic as compared to extrasynaptic sites. Once within a synapse, NMDA receptors are
connected to a huge network of proteins within the post-synaptic density (Husi et al., 2000). The
close proximity of synaptic NMDA receptors to many signaling molecules may allow Ca**
influx via synaptic NMDA receptors to activate separate signaling pathways than Ca*" influx via
extrasynaptic receptors (Hardingham et al., 2002).

In addition to differential effects on signaling cascades, the amount of Ca*" influx
through synaptic and extrasynaptic NMDA receptors may differ. Glutamate in the synaptic cleft
can reach concentrations of 1.1 mM (Clements et al., 1992). As glutamate diffuses away from
the synapse, it is quickly taken up by high-affinity glutamate transporters located on astrocytes
which surround the synaptic cleft. In some cases, the glutamate transporters can become
overwhelmed allowing glutamate to spill out of the synapse (Asztely et al., 1997; Diamond,
2001; Clark and Cull-Candy, 2002; Scimemi et al., 2004). Glutamate spillover will result in

activation of extrasynaptic NMDA receptors, although the concentration of glutamate sensed by
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extrasynaptic NMDA receptors is much lower than the concentration of glutamate sensed by
synaptic NMDA receptors.

Exposure to different glutamate concentrations due to synaptic release versus spillover
may alter the kinetics of Mg®", unblock from synaptic and extrasynaptic receptors. In this
dissertation I have provided evidence that the kinetics of Mgz+0 unblock become slower as the
concentration of agonist used to activate the receptors is lowered. These results suggest that
during a given depolarization, synaptic NMDA receptors would display faster Mg*", unblock
than extrasynaptic NMDA receptors because they are exposed to a higher concentration of
glutamate (Fig. 37). This hypothesis must be tempered by the results suggesting that slow Mg*",
unblock may have limited impact on NR1/2B receptor currents during back-propagating AP
waveforms (Fig. 21). However, during dendritic depolarization that might be expected to induce
significant enhancement of NMDA receptor currents, such as Ca’” or NMDA spikes,

enhancement could be expected to preferentially influence synaptic NMDA receptors.

5.7 THE PESKY TRIHETEROMERIC CHANNELS

There is significant evidence that many, if not most, native NMDA receptors contain more than
one type of NR2 subunit (triheteromeric receptors). In the adult rat cortex, immunoprecipitation
of native NMDA receptors has provided direct evidence for triheteromeric NR1/2A/2B receptors
(Sheng et al., 1994; Chazot and Stephenson, 1997; Luo et al., 1997). Quantification of
immunoprecipitation data suggests that over 50% of native cortical NMDA receptors are
NR1/2A/NR2B receptors (Luo et al., 1997). Triheteromeric channels have also been identified
in several other brain regions, including channels containing NR2A or NR2B along with either
the NR2C or NR2D subunit (Chazot et al., 1994; Sundstrom et al., 1997; Dunah et al., 1998;
Cathala et al., 2000; Brickley et al., 2003; Jones and Gibb, 2005).

It has long proved difficult to isolate and study triheteromeric NMDA receptors within
recombinant systems. Expression of NR1 along with both the NR2A and NR2D subunits in
Xenopus oocytes yields a novel channel type that has been proposed to represent NR1/2A/2D
receptors (Cheffings and Colquhoun, 2000). In many respects, the proposed NR1/2A/2D
receptors display properties that are intermediate between pure NRI1/2A and pure NR1/2D
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Figure 37. Mg®', unblocking kinetics may differ between synaptic and extrasynaptic
NMDA receptors. Schematic representation of glutamate release at a prototypical central
synapse. NMDA receptors are clustered at synaptic sites, but are also found at perisynaptic and
extrasynaptic regions. Upon release from the presynaptic terminal, glutamate reaches a very
high concentration in the synaptic cleft (~1.1 mM). High affinity glutamate transporters located
on astrocytes prevent significant glutamate spillover from the cleft into the extrasynaptic space.
Because synaptic NMDA receptors are activated by a higher concentration of glutamate than

extrasynaptic receptors, Mg”, unblock will proceed more rapidly from synaptic than

extrasynaptic NMDA receptors.
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receptors. Expression of NR1, NR2A, and NR2B in HEK 293T cells yields NMDA receptors
that display Mg>", unblocking kinetics between those observed for pure NR1/2A and pure
NR1/2B receptors (data not show). It is tempting to speculate that these results represent Mg®",
unblock from triheteromeric NR1/2A/2B receptors. However, it is difficult to distinguish whole-
cell currents mediated by NR1/2A/2B receptors from those mediated by two independent
populations of pure NR1/2A and pure NR1/2B receptors. Recent strides have been made using
serial mutations to isolate NR1/2A/NR2B receptors within Xenopus oocytes (Hatton and Paoletti,
2005). The NR1/2A/NR2B receptors still bound NR2A and NR2B specific antagonists with
high affinity, although the percent inhibition was reduced (Hatton and Paoletti, 2005).

These data further support the notion that the characteristics of triheteromeric NMDA
receptors lie somewhere between the characteristics of the two NR2 subunits contained within
the functional receptors. Unfortunately, one of the mutations utilized by Hatton and Paoletti
(2005) to isolate NR1/2A/NR2B receptors greatly reduced block by Mg®",. Thus, this technique
would not be useful to study the kinetics of Mg*", unblock. Hopefully, further research will
provide tools to isolate triheteromeric NMDA receptors, allowing their functional contribution to
synaptic transmission finally to be determined. In future studies it will be important to
characterize the kinetics of Mg”", unblock from NR1/2A/2B triheteromeric channels as well as
triheteromeric channels which include one NR2A or NR2B subunit along with one NR2C or
NR2D subunit.

5.8 GENERAL CONCLUSIONS

The research presented in this dissertation addressed the NR2 subunit dependence of Mg”",
unblocking kinetics and inherent voltage dependence. The work was intended to extend our
knowledge of the relationship between NMDA receptor activation, Mg*", block, and membrane

voltage. The general conclusions were as follows:

e Depolarization-induced Mg*", unblock from NMDA receptors is NR2 subunit
dependent. Mg*", unblock from NR1/2A and NRI1/2A receptors is multi-phasic,
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containing both fast (t < 1 ms) and slow (t of many ms) components. In contrast,

Mg**, unblock from NR1/2C and NR1/2D receptors contains only a fast component.

The slow component of Mg**, unblock from NR1/2B receptors is larger and slower

than the slow component of Mg*", unblock from NR1/2A receptors.

NR1/2A and NR1/2B receptor activity displays inherent voltage sensitivity, such that
NRI1/2A and NRI1/2B receptor currents are enhanced at depolarized membrane
potentials. The enhancement is consistent with an increase in the Pgpen of the

receptors at depolarized membrane potentials.

A kinetic model of NR1/2B receptor activation in which the NR1/2B receptor opens
more rapidly upon depolarization accounts for NR1/2B receptor currents in the

absence of Mg*", and the slow component of depolarization-induced Mg**, unblock.

Incorporating the kinetics of NR1/2A receptor activation into the voltage-dependent
NR1/2B model can account for the differences in the kinetics of slow Mg2+o unblock

from NR1/2A and NR1/2B receptors.

Inherent voltage dependence provides an additional means by which depolarization
enhances currents via NR1/2A and NR1/2B receptors, beyond that provided by relief
of Mg%O block.
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