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Regulation of NMDAR activation efficiency by
environmental factors and subunit composition

Miaomiao He?*@® and Lonnie P. Wollmuth?**®

NMDA receptors (NMDAR) convert the major excitatory neurotransmitter glutamate into a synaptic signal. A key question is
how efficiently the ion channel opens in response to the rapid exposure to presynaptic glutamate release. Here, we applied
glutamate to single channel outside-out patches and measured the successes of channel openings and the latency to first
opening to assay the activation efficiency of NMDARs under different physiological conditions and with different human
subunit compositions. For GluN1/GluN2A receptors, we find that various factors, including intracellular ATP and GTP, can
enhance the efficiency of activation presumably via the intracellular C-terminal domain. Notably, an energy-based internal
solution or increasing the time between applications to increase recovery time improved efficiency. However, even under
these optimized conditions and with a 1-s glutamate application, there remained around 10-15% inefficiency. Channel
activation became more inefficient with brief synaptic-like pulses of glutamate at 2 ms. Of the different NMDAR subunit
compositions, GluN2B-containing NMDARs showed the lowest success rate and longest latency to first openings, highlighting
that they display the most distinct activation mechanism. In contrast, putative triheteromeric GluN1/GluN2A/GluN2B receptors
showed high activation efficiency. Despite the low open probability, NMDARs containing either GluN2C or GluN2D subunits
displayed high activation efficiency, nearly comparable with that for GluN2A-containing receptors. These results highlight
that activation efficiency in NMDARs can be regulated by environmental surroundings and varies across different subunits.

Introduction
Among the diverse neurotransmitters, glutamate is notable for
its prominence in mediating a broad spectrum of brain activity,
including excitatory neurotransmission and the plasticity that
underlies learning and memory (Watkins and Jane, 2006;
Herring and Nicoll, 2016; Hansen et al., 2021). Ionotropic
glutamate receptors (iGluRs) are tetrameric ligand-gated ion
channels activated by the neurotransmitter glutamate and
permeable to the monovalent cations K* and Na*, as well as the
divalent Ca?*. At synapses, their essential function involves
triggering rapid synaptic excitation and multiple Ca?*-associated
intracellular events (Paoletti et al.,, 2013; Hansen et al., 2021).
Improper signaling by iGluRs is associated with neurological,
neurodevelopmental, and psychiatric disorders including stroke,
Parkinson’s disease, epilepsy, intellectual disability, autism,
and schizophrenia among others (Coyle, 2017; XiangWei et al.,
2018; Choi, 2020; Wang et al., 2020; Priiss, 2021; Wollmuth
et al., 2021).

The two major post-synaptic iGluRs are AMPA receptors
(AMPAR) and NMDA receptors (NMDARSs). In response to the
transient glutamate arising from presynaptic release, these

receptor subtypes exhibit different kinetic responses. In general,
AMPARs activate rapidly (but see Pampaloni et al., 2021;
Pampaloni and Plested, 2022), whereas NMDARs demonstrate a
much slower and delayed kinetic component. A key question is
how iGluRs activate in response to glutamate exposure since
this directly impacts postsynaptic signaling. The question of
activation efficiency is especially pertinent to the slow kinetics
of NMDARSs (Traynelis et al., 2010).

NMDARs are obligate heterotetramers formed by two
glycine-binding GluN1 subunits and typically two glutamate-
binding GluN2 (A-D) subunits (Traynelis et al., 2010; Karakas
and Furukawa, 2014; Lee et al., 2014; Wang et al., 2021). The
different GluN2 subunits can show a wide range of ion channel
gating properties that contribute to their diverse roles in cell-to-
cell signaling (Erreger et al., 2005; Dravid et al., 2008; Vance
et al., 2011, 2013; Paoletti et al., 2013; Hansen et al., 2014;
Glasgow et al., 2015; Bhattacharya et al., 2018).

To address activation efficiency in NMDARs, we recorded
from outside-out patches containing a single NMDAR. We ap-
plied glutamate and assayed successes, whether the channel
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opened or not, and if it opened the “latency to first opening,”
which is the time interval between the onset of glutamate ap-
plication to the first detectable opening of the ion channel (Amin
et al., 2021). This approach is advantageous to assay activation
efficiency because aside from assuming near instantaneous
binding of glutamate, it involves few assumptions about the
kinetic process. The outcome of these experiments also has
physiological implications since they highlight how efficiently
channels will open in response to rapid presynaptically released
glutamate.

Previously, we used solutions to assay the biophysical prop-
erties of NMDARs (Amin et al., 2021). These included using pH
8.0 to enhance gating and an internal solution that solely con-
tained KCl, with no energy-based components. Despite trying to
optimize channel opening, GluN1/GIuN2A channels showed
frequent failures. Considering the importance of the microen-
vironment in regulating NMDARS’ activity (Hansen et al., 2021;
Mony and Paoletti, 2023), we address how variations in external
and internal solutions and different human GluN2 subunits alter
NMDAR activation efficiency. We find that activation efficiency
is regulated by environmental conditions, including energy-
based internals and by GIuN2 subunits. Notably, GluN2B-
containing NMDARs display the most distinct activation mech-
anism. These experiments lay the foundation to further resolve
the activation mechanisms of NMDARs and their contribution to
fast synaptic transmission.

Materials and methods

Mutagenesis and expression

NMDAR constructs used include (NCBI Protein database acces-
sion no.) rat (P35439) and human (Q05586) GluN1 (GluNI1-1a);
rat (Q00959) and human (Q12879) GluN2A; human GluN2B
(Q13224); human GluN2C (Q14957); and human GluN2D
(015399). All human constructs were provided by Dr. Stephen
Traynelis and the Center for Functional Evaluation of Rare
Variants (Emory University, Atlanta, GA, USA). The GluNl1-1a
splice variant was used in all instances.

We transiently co-transfected cDNA constructs of GluN1 and
GluN2 subunits into mammalian human embryonic kidney 293
(HEK293) with a separate pEGFP-Cl vector (Clontech) at a ratio
of 4.5:1:1 (GluN1/GluN2/eGFP) using X-tremeGENE HP (Roche)
(Yelshansky et al., 2004; Amin et al., 2017). Cells were grown at
37°C and 5% CO, in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum for 24 h before transfection. To
increase cell viability via limiting Ca?* influx, the media bathing
transfected cells also contained the NMDAR competitive antag-
onist amino-5-phosphonovaleric acid (APV, 100 uM) and non-
competitive antagonist Mg2* (100 pM). Patch clamp recordings
were performed 18-36 h after transfection.

Triheteromeric expression system

NMDARs are typically composed of 2 GluN1 and 2 GluN2 sub-
units. To restrict surface expression to defined triheteromeric
receptors (i.e., GluN1/GluN2A/GluN2B), we used a “trihetero-
meric” system (Hansen et al., 2014), which is based on leucine
zipper motifs from GABAg receptors (LZ1 and LZ2) and dilysine
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ER retention motifs (KKXX retention motif) introduced into the
C-terminal domain of NMDAR subunits. Specifically, tetrameric
assemblies containing just Cl (LZ1/ER retention motif) or C2
(LZ2/ER retention motif) alone do not dimerize and are retained
in the ER. In contrast, in tetrameric assemblies containing both
Cl and C2, the LZ1 and LZ2 motifs dimerize, which masks the ER
retention motif, allowing surface expression. All constructs (pCI-
neo-GluN2A-Cl-14, pCI-neo-GluN2A-C2-14, pCI-neo-GluN2B-ACl-
L4, and pCI-neo-GluN2B-AC2-14) are based on rat sequences and
were kindly provided by Dr. Kasper Hansen (University of Mon-
tana, Missoula, MT, USA).

Outside-out single-channel recordings

Outside-out single-channel recordings were collected at room
temperature (21-24°C) using an EPC-10 patch clamp amplifier
interfaced with PatchMaster (HEKA). We used thick-walled,
borosilicate glass (Sutter Instrument) for patch pipettes, which
were pulled and fire-polished yielding resistances between 5 and
20 MQ when measured in the bath solution (with applied pos-
itive pressure of ~150 mbar).

Patch pipettes contained either 140 mM KCl, 10 mM HEPES,
and 1 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid (BAPTA) (pH 7.3, NaOH) (used in Amin et al., 2021) or
140 mM KCl, 2 mM NaCl, 10 mM HEPES, 4 mM Mg,ATP,
0.3 mM GTP, and 1 mM BAPTA (pH 7.3, KOH). We refer to the
latter solution, which contains free energy from ATP and GTP,
as an “energy-based internal solution.” Such an energy-based
internal is a common internal solution when recording from
brain slices (Watanabe et al., 2005; Helmstaedter et al., 2009;
Ferrer et al., 2018).

In terms of external solutions, our standard external so-
lution consists of (in mM): 150 NaCl, 10 HEPES, and 0.05
EDTA, pH 7.4 or 8.0 (NaOH). This solution at pH 8 was used in
Amin et al. (2021) and removes the complications of proton
(high pH 8.0) and divalent (Zn?*) inhibitory effects (Popescu
and Auerbach, 2003) and the short- (Maki and Popescu, 2014)
and long- (Legendre et al., 1993) term effects of Ca®>" on
NMDARs.

We applied 2-ms or 1-s pulses of 1 mM glutamate through a
piezo-driven double-barrel application pipette system (10-90%
rise time of 400-600 ps). The baseline barrel contained the Na-
based external and 0.1 mM glycine while the test barrel con-
tained the identical solution except for added 1 mM glutamate.
For GluN1/GluN2A, the interval between the start of a pulse and
the start of the next pulse was either 4 or 10 s to allow recovery
from desensitization (tau of recovery from desensitization for
wild-type GluN1/GluN2A is around 1 s (Alsaloum et al., 2016).
For GIluN1/GluN2B, the interval was 20 s. Currents were re-
corded at -60 mV.

The time course for glutamate in the synaptic cleft is roughly
described by a peak of ~1 mM that decays with a time constant of
~1 ms (Clements et al., 1992). Under such a scenario, and as-
suming an ECs, for glutamate of 3 uM for GluN1/GluN2A or
GIuN1/GIuN2B receptors (Traynelis et al., 2010), NMDARs
would be exposed to saturating glutamate concentrations for
~2-3 ms. We therefore used 2-ms glutamate pulses to mimic
synaptic-like glutamate exposures.
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Analysis of single-channel outside-out patches

We exposed outside-out patches to super-saturating concen-
trations of glutamate (1 mM) and glycine (100 pM) (Traynelis
et al., 2010) to ensure receptor saturation and that the agonist
binding steps occurred as rapidly as possible. For most of our
experiments, we applied glutamate for 1 s, which allowed us to
more readily determine whether patches contained just a single
receptor, facilitating obtaining a high number of events. Brief
agonist applications (e.g., 1-2 ms as occurs at synapses [Clements
et al., 1992]) make it harder to determine the number of chan-
nels in the patch since many of the patches last for only 10-30
applications.

Given the high open probability and relatively long open time
of GluNI-1a/GluN2A, we were quite confident that patches
contained a single receptor; many patches were rejected because
of two or more channels. In contrast, GluN2B-, GluN2C-, and
GluN2D-containing receptors showed a much lower open
probability and had briefer open times (Banke and Traynelis,
2003; Dravid et al., 2008; Vance et al., 2013). We were unable
to carry out long recordings to carry out statistical tests (Dravid
et al., 2008; Kazi et al., 2013) to verify that there was only a
single channel. Hence, it is possible that these patches contained
two channels, though we think it is unlikely.

To analyze outside-out patches, we exported data from
PatchMaster (HEKA Elektronik) to Igor (Wavemetrics), where
they were analyzed using in-house developed programs. Appli-
cations or sweeps displaying significant amounts of noise were
removed (~5-10% of applications). Patches were included in the
histogram analysis only if they included a minimum of 10 ap-
plications or trials (see below).

Latency to first opening

To assay NMDAR activation, we measured durations from the
start of an application to the first open event (latency or latency
to first opening) (Aldrich et al., 1983; Goldschen-Ohm et al., 2013;
Amin et al., 2021). To define the start of the application, we
assayed the rise time of the application pipette on going from
100% to 10% external solution during the day of experimenta-
tion. We defined the start of the glutamate application around
the 10% rise time of this test application. In general, we found
the rise time to be highly consistent with a specific application
pipette.

To identify the first single-channel event, we used a
threshold-crossing approach in code written in Igor Pro. To
define a threshold, we started with the maximum (extrema)
noise level in the baseline (often around -2 pA) for each
individual sweep prior to the glutamate application and
added a subunit-specific correction factor: -1 pA for GluN2A-
and GluN2B- and -0.5 pA for GluN2C- and GluN2D-containing
receptors. An inward current deflection was classified as a single
channel event if it crossed this defined threshold. Although this
algorithm was highly efficient at automatically detecting the first
single-channel event, there were periodic small amplitude events
that were clear noise, which were incorrectly detected. We
therefore visually inspected each sweep to verify the accuracy of
the detected event.
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Latency to first opening times for a specific condition was
pooled and imported into ChannelLab (Synaptosoft). Latencies
were binned at ~60-ps intervals and histograms displaying the
number of events as a function of latency to first opening were
generated. We fit the cumulative histogram with one or multiple
exponentials until the log-likelihood score could not be further
improved. In almost all instances, the best fit was two ex-
ponentials, a fast and a slow component:

_t B
Ns (t) = NfasteXP /rf‘“‘ + NgoweXp t/rslow

where Ng is the number of successes, t is time, and Ng and
Now are the number of events classified as fast or slow, and Tg,g
and Tgoy the fitted exponentials.

Failure to open

In some instances, agonist application showed no discernible
NMDAR-mediated currents either during or after agonist re-
moval (2 s total). These instances are referred to as failures. In
the text, successes = 1 - failure rate. Because we included patches
with a wide range of events in the success rate, which might bias
the average value in one direction, we also indicate the “global
success rate,” which is the total number of successes for all
patches divided by the total number of trials.

Efficiency (n) of activation

As noted above, it is extremely challenging to resolve single-
channel patches using brief synaptic-like (1-2 ms) applications
of glutamate. We therefore mainly used a 1-s application to aid in
defining single-channel patches. On the other hand, while our
focus was on quantifying the transition from the closed to the
open state (latency to first opening), we also wanted to put these
transitions in a physiological perspective in terms of what
events might contribute to fast synaptic events. We therefore
defined the efficiency () of activation as Amin et al. (2021):

(successes * fraction fast component) Ny
total number of trials (Nr) Ny

In terms of 1-s glutamate applications, there are three general
outcomes: (1) fast and (2) slow successes, and (3) failures. Our
assumption is that slow successes and failures would not con-
tribute to fast synaptic events. While failures not contributing is
obvious, results from others (Erreger et al., 2005) as well as
those in this manuscript using synaptic-like glutamate pulses
confirm that slow successes arise solely from the long glutamate
application (versus a brief synaptic-like pulse) and hence also
would not contribute to fast signaling. Finally, while we are
grouping slow successes and failures in the same category
functionally, we do not know at present whether they share a
kinetic or structural basis. Hence, our use of the term efficiency
should not be confused with this term used in other contexts
(Nayak et al., 2019; Indurthi and Auerbach, 2023).

efficiency (n) =

Defining efficiency for individual patches
To define efficiency for individual patches, we initially identi-
fied a tentical based on the exponential fit to the cumulative
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histogram, which was almost always two exponentials, using
Jackson et al. (1983):

—torit ~terit
Nfa +E€XP / Tfast _ Nyow€Xp T

Ttast Tslow
and specifically for tticar:
1 Tslow Nfast Tslow Tfast
~Leritical = 11 :
Tfa_gt N, slow Tfast = Tslow

For each patch, we would then use this tesitca to define
whether a success was in the fast (<tuisical) OF Slow (Steitical)
component, permitting calculation of an efficiency term for each
individual patch. In instances where a single exponential was
sufficient for the cumulative histogram, we assumed efficiency =
successes.

Rationale for inclusion of patches in histograms and averages

For our cumulative histograms and averages, we included only
patches that had at minimum 10 applications or trials. For rigor,
we wanted to collect as many events as possible so that we could
include all patches. However, there were many patches that
were lost before 10 sweeps could be achieved. For arbitrary
reasons, we decided that 10 trials were the minimum necessary
to ensure that they were “representative” of the broader dataset
(this also aided in defining single-channel patches). A larger
number of events, perhaps 50, would certainly be more repre-
sentative, but this would exclude many patches, thus limiting the
sample size. A review of patches with 10 to 20 events indicates
that they fall within the averages of patches with more events.

Statistics

Data analysis was performed using IgorPro (Wavemetrics), Ex-
cel (Microsoft), ChannelLab (Stephen Traynelis), and GraphPad
(Prism). Results from the Igor analysis for each recording were
organized in a Microsoft Excel sheet. All average values are
presented as mean + SEM. For statistical analysis, we used
GraphPad. In instances where we were comparing two means,
we used an unpaired two-tailed Student’s t test to test for sig-
nificant differences. Statistical significance was typically set at
P < 0.05. In instances where we were interested in how con-
structs varied from each other, we used an ANOVA and followed
with Tukey’s test (P < 0.05).

Results

To assay the activation efficiency of NMDARs, we applied glu-
tamate for 1 s to outside-out patches containing a single channel
(e.g., Fig. 1, A and B) (Amin et al., 2021). In terms of outcomes, we
were interested in two features (see Materials and methods): (1)
whether there was a success (the channel opened) versus a
failure (no channel opening), and (2) if a success, the time in-
terval between the start of the glutamate application to the first
channel opening, referred to as “latency to first opening”
(Aldrich et al., 1983). Both success rate and latency to first
opening have physiological significance since they reflect how
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efficiently a transient glutamate signal is translated into channel
opening.

Internal energy components facilitate receptor activation
Previously, we used a KCl-based internal solution without added
energy components and our standard external solution at pH 8.0
and with no divalent to maximize gating (Amin et al., 2021) (18
patches). Here, we expanded on this data set for GluNI-la/
GluN2A by adding in four new patches, which yielded results
similar to those published previously: Success rate for prior set,
82 + 2% (n = 18) (mean * SEM, n = number single-channel
patches) versus new set, 75 + 5% (n = 4) (P = 0.09, t test);
Mean latency to first opening for prior set, 48 + 8 ms versus 43 +
12 ms (P = 0.40, t test).

We combined the results from Amin et al. (2021) (18 patches)
plus the four new patches, all of which were done for GluN1/
GluN2A and using our energy-free internal. In this data set, we
recorded from 22 different outside-out patches with the number
of applications varying from 10 to 636 per patch. There was a
total of 2,053 applications, of which 527 were failures (Table 1).
Thus, the success rate of agonist binding inducing channel
opening was 80 * 2% (n = 22), whereas the global success rate
was 74% (1,526 successful events out of 2,053 total applications).
For successes, the mean latency to first opening was 47 + 7 ms
(Table 1). The latency dwell time histogram was best charac-
terized by two exponentials: a fast (t = 6.8 ms, 89.6%) and a slow
(v = 373.7 ms, 10.4%) component (Fig. 1 C), values indistin-
guishable from those in Amin et al. (2021).

To begin to address activation efficiency under different
conditions, especially those more physiologically relevant, we
initially tested an internal solution containing added ATP and
GTP that we refer to as “energy-based” (see Materials and
methods) (Fig. 1, A and B). The presence of energy-based in-
ternal significantly reduced the failure rate (success rate 93 =
3%, n = 6) compared with the condition without such compo-
nents (about 80%) (Fig. 1 E). Again, the latency dwell time his-
togram was best characterized by two exponentials (fast, T = 6.7
ms, 96.2%; slow, T = 423.2, 3.8%) (Fig. 1 D). While the time
components were very comparable to those in the absence of
energy components, the fractions were changed, being shifted to
the fast component, from 90% to 96%.

To summarize the success rate and the latency to first open,
we defined activation “efficiency” (1), which is the fraction of
the fast component out of the total number of trials (1 = total
trials - failures - fraction of slow component) (see Materials and
methods). We assume this efficiency term reflects the fraction of
the total glutamate-releasing events that would contribute to
fast synaptic signaling. Without energy internals, ny was 0.72
0.02, n = 22, suggesting that at most 72% of release events could
lead to a synaptic event. In contrast, with the energy-based
internal, efficiency was significantly enhanced to 0.90 + 0.04,
n = 6 (Fig. 1 F and Table 1).

Overall, these results suggested that the status of the intra-
cellular C-terminal domain (or some other intracellular com-
ponent), such as whether it is phosphorylated or not, influences
activation efficiency, highlighting that this kinetic component is
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Figure 1. An energy-based internal solution enhances activation efficiency. (A and B) Membrane currents for a single wild-type GluN1-1a/GluN2A channel
in an outside-out patch (six consecutive traces). Single channel openings are downward deflections (C, closed; O, open). Dashed vertical line indicates the start
of a 1-s glutamate (1 mM) application in the continuous presence of glycine (0.1 mM). Traces in B are those in A but on an expanded time scale. Blue highlights
illustrate variations to delays to first opening. Currents were sampled at 50 kHz (displayed at ~1 kHz). Holding potential, -60 mV. The external solution was our
standard external solution at pH 8, and the pipette solution (energy-based) contained added ATP and GTP (see Materials and methods). (C and D) Dwell time
histogram (Sqrt, Square root) of the latency to first opening, the time between the start of agonist application to the first channel opening. For both histograms,
our standard external solution was at pH 8 with the internal solution containing either no added ATP or GTP (C), as in Amin et al. (2021) or added ATP and GTP
(D) (raw currents illustrated in A and B). Both histograms were best fit by two exponentials (dashed lines). The no energy internal, external at pH 8 includes
results from Amin et al. (2021) (18 patches) plus four additional patches. (E) Success rate (1 - failure rate) (mean + SEM) for averages from patches with a
minimum of 20 trials (circles represent individual data points). See Table 1 for additional details. **P < 0.01, Student’s t test, P = 0.004. (F) Efficiency (n) of
activation (mean + SEM) for all patches. n is the fraction of the total number of trials that are present within the fast component of the latency histogram and
represents the fraction of events that would contribute to fast synaptic transmission. **P < 0.01, Student’s t test, P = 0.0014.

regulated. While extremely intriguing, we do not explore the The time course for recovery of at least GluN1/GluN2A receptors

basis for this enhancement further here. isaround 0.9 s (Alsaloum et al., 2016). To assess the contribution

of desen sitization to the failure observed, we extended the time
Longer recovery times between applications enhance the between the start of glutamate applications from 4 to 10 s (since
efficiency of channel activation the application itself was 1 s in duration, the delay between the

Failures as well as the slow component may reflect that re- end to the start of the next application went from 3 to 9 s) (Fig. 2,
ceptors are in a “desensitized” state after exposure to glutamate. A and B).

Table 1. Summary of patches/events under different physiological conditions

Construct Internal soln pH Interval (s) Total events (total # of patches) Average latency (ms) Successes % (global) Efficiency (t.i)

rN1-1a/ No ATP,GTP 8 4 2,053 (22) 47 +7 80 + 2 (74) 0.72 + 0.02 (42.7)
rN2A
ATPand GTP 8 4 559 (6) 25+ 8 93 + 3 (91) 0.90 + 0.04 (50.5)
No ATP, GTP 8 10 789 (14) 27 88 + 3 (90) 0.86 + 0.04 (59.7)
ATPand GTP 8 10 583 (12) 23+6 93 + 2 (91) 0.90 + 0.02 (52.9)
ATP and GTP 7.4 10 1,407 (21) 42+7 83 + 2 (85) 0.78 + 0.02 (70.1)

Values shown are mean + SEM for average latency of the delay to first opening, Successes (average of successes for individual patches), and Efficiency (=
[successes - slow component]/total trial number); see Materials and methods). The number below the total events shows the total number of patches

recorded (a patch required a minimum of 10 trials to be included). Global successes (total number successes/total number of trials) and t; are indicated in
the last two columns. Recordings were made under different conditions: an internal solution either containing no ATP and GTP (energy-free) or one containing
these elements (energy-based); our standard external solution at pH 8 or 7.4; and/or a delay between the start of glutamate applications of 4 or 10 s. All
constructs are rats. Single channels were recorded in the outside-out mode at -60 mV (e.g., Fig. 1) and analyzed in Igor Pro (see Materials and methods).
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Figure 2. Increasing the time for recovery between applications increases activation efficiency. Single-channel openings with a delay of 10 s between
the start of each consecutive application versus a delay of 4 s. (A and B) Currents with a 10-s delay in our standard external solution at pH 8 with an energy-
based internal. Displayed as in Fig. 1. (C) Dwell time histogram of the latency to first opening with a 10-s delay and an energy-based internal. Histogram was
best fit by two exponentials (dashed lines). (D) Mean (+SEM) success rate for various conditions. *P < 0.05, **P < 0.01, one-way ANOVA (P = 0.0005) with a
post-hoc Tukey’s test. No ATP, 4 s is statistically different from all other conditions: versus ATP, 4 s (P = 0.015), versus ATP, 10 s (P = 0.0013), versus no ATP,
10's (P = 0.035). All other comparisons were not statistically different: ATP, 4 s versus ATP, 10 s (P > 0.99), ATP, 4 s versus no ATP, 10 s (P = 0.75), ATP, 10 s
versus no ATP, 10 s (P = 0.65). (E) Mean (+SEM) efficiency (n) of activation for various conditions. **P < 0.01, ****P < 0.001, one-way ANOVA (P < 0.0001) with
a post-hoc Tukey’s test. No ATP, 4 s is statistically different from all other conditions: versus ATP, 4 s (P = 0.0074), versus ATP, 10 s (P < 0.0001), versus no
ATP, 10 s (P = 0.0056). All other comparisons were not statistically different: ATP, 4 s versus ATP, 10 s (P = 0.95), ATP, 4 s versus no ATP, 10 s (P = 0.87), ATP,

10 s versus no ATP, 10 s (P = 0.38). Note that “not significant” comparisons are not indicated.

For 10-s recovery times and using our energy-based internal
(ATP, 10 s), the dwell time histogram was best fit by two ex-
ponentials (Fig. 2 C) with parameters comparable with those at
4 s with the same internal (ATP, 4 s) (Fig. 2 D and Table 1).
Hence, the 10-15% failures and slow components occurring
under these conditions are presumably not due to some form of
desensitization. However, we also recorded using our energy-
free internal and contrasted latency between 4 (no ATP, 4 s) and
10 s (no ATP, 10 s) delays (Fig. 2 D and Table 1). The increase to a
10-s delay without energy internal significantly increased suc-
cesses but again to a maximum level comparable with what was
recorded with the energy-based internal. Indeed, in terms of
efficiency, the 10-s recovery times, either with or without the
energy internal, were indistinguishable (Fig. 2 E and Table 1).
Hence, even under presumed optimized conditions, there re-
mained about a 10-15% inefficiency.

Protons impede receptor activation efficiency

NMDARs are highly sensitive to protons (Traynelis and Cull-
Candy, 1991; Dravid et al., 2007; Hansen et al., 2021). To test
proton action on activation efficiency, we recorded using our
standard external solution, but now at pH 7.4 (Fig. 3, A and B and
Table 1). Notably, fits to the dwell-time histogram for the latency
to first opening for GluN1/GluN2A NMDARs at pH 7.4 still re-
quired two kinetic components (Fig. 3 C). However, these
components were shifted rightward relative to those in pH 8.0

He and Wollmuth
NMDA receptor activation

with the fast component around 10-11 ms whereas it was around
7 ms at pH 8.0. In addition, these NMDARs activation at pH 7.4
showed significantly reduced successes (Fig. 3 D) and reduced
efficiency (Fig. 3 E).

Hence, and comparable to previous studies for rodent sub-
units, where NMDARs are highly sensitive to changes in local
protons, we found a reduction in gating, in this case activation
efficiency, at physiological pH compared with pH 8.0. For all
experiments moving forward, and unless noted otherwise, we
use the internal (energy-based) and external (pH 7.4) solutions
as in Fig. 3 with a 10-s delay between applications.

GluN2B-containing receptors show reduced activation
efficiency
The two major GluN2 subunits in the nervous system are
GluN2A and GluN2B (Sheng et al., 1994; Hansen et al., 2021). To
begin to address the activation efficiency of GluN2B-containing
receptors, we shifted from rodent to human constructs and as-
sayed the activation efficiency of human GluN1/GluN2A and
GluN1/GluN2B receptors (Fig. 4, A-C and Table 2). Notably, ro-
dent and human GluN1/GluN2A receptors showed no significant
difference between success rates, efficiency (Fig. 4 D), or aver-
age latency to first opening (Fig. 4 D).

For human GluN1/GluN2B receptors (Fig. 4, A and B), fits to
the dwell-time histogram for the latency to first opening, like for
GluN1/GluN2A, required two kinetic components (Fig. 4 C).
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Figure 3. Activation efficiency is reduced at physiological pH. Single-channel openings at pH 7.4, all with an energy-based internal and a 10-s delay, as a
comparison versus standard external solution at pH 8.0. (A and B) Currents at pH 7.4 with a 10-s delay between applications. (C) Dwell time histogram of the
latency to first opening with a 10-s delay and an energy-based internal. The histogram was best fit by two exponentials (dashed lines). (D) Mean (+SEM)
success rate. **P < 0.01, Student’s t test, P = 0.002. (E) Mean (+SEM) efficiency () of activation. ***P < 0.001, Student’s t test, P = 0.0008.

However, these components were shifted far rightward (slower)
than for GluN1/GluN2A. For example, the fast component for
GluN1/GluN2B was around 36 ms whereas for GluN2A-containing
receptors it was around 10-11 ms. Further, for GluN2B-containing
receptors, efficiency was significantly reduced (Fig. 4 D) and
the average latency to activation was significantly slower
(Fig. 4 E). Hence, and comparable with previous results for
rodent subunits (Chen et al., 1999; Erreger et al., 2005; Tian
et al., 2021), GluN2A-containing NMDARs show a more rapid
and greater likelihood of channel activation. These results
further highlight that there are fundamental differences in
the activation mechanism between GluN2A- and GluN2B-
containing receptors.

Brief synaptic-like agonist applications
For our experiments, we used 1-s glutamate applications because
they facilitate identifying single-channel patches and allow more
events to be collected, permitting more rigorous analysis of la-
tency to first opening (see Materials and methods). To address
activation of GIuN2A- and GluN2B-containing receptors with
more physiological glutamate exposures, we applied glutamate
to single-channel patches using 2-ms glutamate applications
(Fig. 5) (see Materials and methods for rationale of 2-ms pulses).
Brief (2-ms) glutamate applications to GluN1/GluN2A (Fig. 5
A) or GluN1/GluN2B (not shown) receptors resulted in failures
as well as variations in the delay to first opening (Erreger et al.,
2005). As for 1-s applications, the latency histogram for GluN1/
GluN2A showed two components, with the fast component (5.6
ms) faster than that for 1-s application (about 10 ms) (Fig. 5 B).
We were unable to perform a comparable histogram analysis for
GluN2B-containing receptors because of fewer events and wider
variations in the delays. For the 2-ms and 1-s application for

He and Wollmuth
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GluN1/GluN2A, the rising phase of the histograms was compa-
rable (Fig. 5 C). Hence, the faster activation component for 2-ms
applications most likely reflects that the 1- application generates
more “fast” events with a longer latency (shifting the histogram
fit to the right) that do not occur with the 2-ms application
(Fig. 5 C).

Overall, GluN1/GluN2A receptors showed fewer successes in
the 2-ms application compared to the 1-s application (Table 3) as
well as a reduced efficiency (Fig. 5 D, left) but no differences in
the average latency (Fig. 5 D, right). GluN2B-containing re-
ceptors showed a similar pattern of activity in terms of success
rates (Table 3) and average latency (Fig. 5 E, right). In contrast,
the efficiency between 2 ms and 1 s for GluN2B-containing re-
ceptors was not different (Fig. 5 E, left). Hence, from a physio-
logical perspective, the 1-s application for GluN2A-containing
receptors overestimates the efficiency of activation whereas that
for GluN2B-containing receptors does not. We assume this
reflects the more rapid activation of GluN2A-containing re-
ceptors (see Discussion). Nevertheless, for technical reasons—
identifying single-channel patches—we continue to use 1-s
applications. In addition, in terms of receptor activation, both
application times reveal the same mechanism of activation
(Fig. 5 C) and a strong difference in the delay to activation
between GluN2A- and GluN2B-containing receptors (Fig. 5, D
and E).

Activation efficiency of putative triheteromeric GluN1/
GluN2A/GluN2B receptors

In the brain, NMDARs exist both as diheteromeric (containing
2 GluN1 plus 2 GluN2A or 2 GluN2B subunits) and trihetero-
meric (containing two GluN1 plus 1 GluN2A and 1 GluN2B sub-
unit) receptors (Rauner and Koéhr, 2011; Tovar et al., 2013;
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Figure 4. GluN2B-containing receptors show a reduced activation efficiency. (A and B) Currents from a patch containing a single human GluN1/GluN2B
receptor. External solution is our standard at pH 7.4 with an energy-based internal (see Table 2). (C) Dwell time histogram of the latency to first opening for
GluN1/GluN2B channels. The histogram was best fit by two exponentials (dashed lines). (D) Mean (+SEM) efficiency (n) of activation for various constructs,
either rat (r) or human (h) N1/N2A (rN1/rN2A, hN1/hN2A) or human N1/N2B (hN1/hN2B). ****P < 0.0001, one-way ANOVA (P < 0.0001) with a post-hoc
Tukey’s test: rN2A versus hN2A, P = 0.37; rN2A versus hN2B, P < 0.0001; hN2A versus hN2B, P < 0.0001. (E) Average delay (mean + SEM) for various
constructs. Note log scale. ****P < 0.0001, one-way ANOVA (P < 0.0001) with a post-hoc Tukey's test: rN2A versus hN2A, P = 0.93; rN2A versus hN2B, P <

0.0001; hN2A versus hN2B, P < 0.0001.

Hansen et al., 2021). To assay putative GIuN1/GluN2A/GluN2B
receptors, we took advantage of an approach that constrains
membrane expression to triheteromeric receptors (see Materials
and methods) (Hansen et al., 2014) (Fig. 6). It should be noted
that since these are single-channel recordings, we cannot rule
out that there was leakage of diheteromeric GluN2A/GluN2A
receptors, and so they must be viewed as “putative” trihetero-
meric receptors.

Control constructs for the triheteromeric system showed
activation parameters indistinguishable from those of corre-
sponding wild-type constructs (Table 4). Putative triheteromeric
GluN1/GluN2A/GluN2B receptors showed robust activation
(Fig. 6, A and B) with the histogram fit by a single exponential

(Fig. 6 C). The fit to the histogram (t = 8.3 ms) was comparable
albeit somewhat faster than that for diheteromeric GluN1/
GluN2A receptors (t = 10-11 ms), and it was only a single ex-
ponential fit. Since control constructs were not significantly
different from our wild-type human GluN2A- and GluN2B-
containing constructs (Table 4), we compared the trihetero-
meric results to these constructs (Fig. 6, D and E). Efficiency and
average delay were not significant between the triheteromeric
construct and GluN1/GluN2A whereas GluN1/GluN2B showed a
reduced efficiency and a slower average activation. Hence,
overall the triheteromeric receptors display an activation effi-
ciency comparable with, if not more efficient, than GluN2A di-
heteromeric receptors. These findings align with the general

Table 2. Summary of patches/events for different human NMDAR subunits

Construct Internalsoln pH Interval (s) Total events (# of patches) Average latency (ms) Successes % (global) Efficiency (t.it)
rN1/rN2A  ATP 74 10 1,407 (21) 42+7 83 + 2 (85) 0.78 + 0.02 (69.8)
hN1/hN2A  © o o 469 (16) 23+5 87 + 2 (88) 0.85 + 0.03 (70.1)
hN1/hN2B  “ “ 20 1,234 (25) 290 + 50 76 + 3 (76) 0.56 + 0.04 (148)
hN1/hN2C ¢ ‘ 10 660 (18) 76 +9 97 + 1(97) 0.92 + 0.02 (284)
hN1/hN2D  “ ‘ ‘ 486 (10) 74 + 15 98 +1(98) 0.92 + 0.02 (201)

Values are displayed as in Table 1. For all recordings, our internal solution was energy-based (ATP and GTP), the external solution was our standard external
solution at pH 7.4; and there was a 10- or 20-s delay between applications. Constructs are either rat (r) or human (h). In all instances, the GluN1 subunit was the

GluN1-1a splice variant.
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Figure 5. Activation of human GluN2A and GluN2B receptors in response to brief synaptic-like (2-ms) glutamate applications. (A) Currents from a
patch containing a single human GluN1/GluN2A receptor in response to a 2-ms glutamate application (see Table 3). External solution is our standard at pH 7.4
with an energy-based internal (see Materials and methods). The bottom trace is the summed response to multiple (50 total) glutamate applications. (B) Dwell
time histogram of the latency to first opening. The histogram was best fit by two exponentials (dashed lines). (C) Overlay of dwell time histograms of the
latency to first opening for 1-s or 2-ms (red) applications. (D and E) Mean (+SEM) efficiency (n) of activation (left) and average latency (right) for GlUN2A- (D) or
GluN2B- (E) containing receptors. ****P < 0.0001, Student’s t test: GluN2A efficiency, P < 0.0001, latency, P = 0.21; GluN2B efficiency, P = 0.73, latency, P =

0.19. Note for synaptic-like glutamate applications, the success rate and efficiency are the same.

observation that triheteromeric GluN1/GluN2A/GIuN2B re-
ceptors often display gating activity comparable with dihetero-
meric GluN1/GluN2A receptors (Hansen et al., 2014; Sun et al.,
2017).

Activation efficiency of GluN2C- and GluN2D-containing
receptors

GluN2C- and GluN2D-containing NMDARs display distinct
single channel activity compared with GluN2A-containing
receptors (Dravid et al., 2008; Traynelis et al., 2010; Vance
etal., 2013). To assay the activation efficiency of GluN2C- and
GluN2D-containing receptors, we applied 1-s glutamate ap-
plications to patches containing presumed single GluN1/
GluN2C receptor (Fig. 7, A and B) or GluN2D- (Fig. 7, C and D)
containing receptors. The challenge with these experiments is
that GluN2C- and GluN2D-containing receptors display low
Popen including brief mean-open-times, making detection of

Table 3. Summary of patches/events for brief application

single-channel patches difficult (see Materials and methods).
Numerous patches were rejected because of the clear pres-
ence of multiple channels. Nevertheless, for some patches, we
cannot rule out that they contain multiple channels.

The latency dwell time histograms for GluN2C- and GluN2D-
containing receptors were best characterized by two ex-
ponentials: for GluN2C, a fast (t = 68 ms, 85%) and a slow (T =
302 ms, 15%) component (Fig. 7 E); whereas for GluN2D, a fast
(t = 42 ms, 89%) and a slow (t = 311 ms, 11%) component (Fig. 7 F).

Comparing diheteromeric constructs, GluN2C- and GluN2D-
containing receptors showed success rates somewhat greater
than those for GluN1/GluN2A, whereas all these subunits
showed a significantly higher success rate than GluN1/GluN2B
(Fig. 8 A and Table 2). On the other hand, efficiency was not
significantly different between GluN2A-, GluN2C-, and GluN2D-
containing receptors but was significantly reduced in GluN2B-
containing receptors (Fig. 8 B). Finally, the average latency was

Construct Internal soln pH Interval (s) Total events (# of patches) Average latency (ms) Successes % (global) Efficiency (tc.)
hN1/hN2A (1s)  ATP 7.4 10 469 (16) 23+5 87 + 2 (88) 0.85 + 0.03 (70.1)
hN1/hN2A (2 ms) “ oo 710 (17) 16+3 64 + 2 (64) 0.64 + 0.02 nc
hN1/hN2B (1s) “ 20 1,234 (25) 290 + 50 76 + 3 (76) 0.56 + 0.04 (148)
hN1/hN2B (2 ms) “ “o 426 (8) 180 = 50 53 + 7 (51) 0.53 + 0.07 nc

Values are displayed as in Table 1. Glutamate applications were either 1 s or 2 ms in duration. All constructs are human. Note for synaptic-like pulses, the

success rate and efficiency are the same, 50 a tirical Was not calculated (nc).
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Figure 6. Activation of presumed triheteromeric GluN2A and GluN2B receptors. (A and B) Currents from a patch containing a single presumed GluN1/
GluN2A/GluN2B receptor in response to 1-s glutamate applications. See Table 4 for additional details. (C) Dwell time histogram of the latency to first opening
for presumed triheteromeric receptors. The histogram was best fit by a single exponential (solid line). (D and E) Mean (+SEM) efficiency (n) of activation (D) or
average latency (E) for diheteromeric GluN1/GluN2A or GluN1/GluN2B receptors or triheteromeric GluN1/GluN2A/GIuN2B receptors. (D) ****P < 0.0001, one-
way ANOVA (P < 0.0001) with a post-hoc Tukey’s test: N2A versus N2B, P < 0.0001; N2A versus N2A/N2B, P = 0.84, N2B versus N2A/N2B, P < 0.0001.
(E) ****P < 0.0001, one-way ANOVA (P < 0.0001) with a post-hoc Tukey’s test: N2A versus N2B, P < 0.0001; N2A versus N2A/N2B, P = 0.99, N2B versus

N2A/N2B, P < 0.0012. h, human.

indistinguishable across GluN2A-, GluN2C-, and GluN2D-containing
receptors but significantly faster than those receptors containing
GluN2B (Fig. 8 C).

In summary, with 1-s applications (these patterns might be
different with brief synaptic like applications), the activation
mechanism for GluN2A-, GluN2C-, and GluN2D- is more com-
parable than for GluN2B-containing receptors.

Discussion

Here, we assayed the activation efficiency of rodent GluN1/
GluN2A (and GluN1/GluN2B in the triheteromeric system) and
human GluN2A-, GluN2B-, GluN2C-, and GluN2D-containing

Table 4. Summary of patches/events for triheteromeric system

NMDARs by measuring success rates and the latency to first
opening for outside-out single-channel patches. Previously, to
maximize activation of GluN1/GluN2A receptors, we used con-
ditions to prevent divalent (no Ca%*, EDTA) and proton (pH 8.0)
inhibition (Amin et al., 2021). Notably, under such conditions
and using a 4-s delay between the start of glutamate applica-
tions, we observed a high number of failures (about 20%) and a
low activation efficiency (0.72). We find that certain manipu-
lations, including using an energy-based internal solution
(Fig. 1) and increasing the time between applications (Fig. 2),
increased efficiency, but even under optimized conditions and
with a 1 s application, there was still about a 10-15% inefficiency
for GIuN1/GluN2A, which was further reduced at physiological

Construct Internal soln pH Interval (s) Total events (# of patches) Average latency (ms) Successes % (global) Efficiency (t..i)
hN1/hN2A (Table 2) ATP 74 10 469 (16) 2315 87 + 2 (88) 0.85 + 0.03 (70.1)
rN1/rN2A C1/C2 no ATP 74 10 506 (8) 31+ 13" 87 + 475 (89) nc

hN1/hN2B (Table 2) ATP 74 20 1,234 (25) 290 + 50 76 + 3 (76) 0.56 + 0.04 (148)
rN1/rN2B C1/C2  no ATP 74 20 360 (8) 190 + 551 84 + 415 (81) nc

rN1 rN2A/rN2B no ATP 74 10 509 (7) 145+ 2 89 +2(92) 0.89 + 0.02°

Values are displayed as in Table 1. Glutamate applications were 1's in duration. Parameters for the C1/C2 constructs were not significantly different (ns) from
their respective wild-type constructs (Student’s t tests): hN2A versus N2A C1/C2 successes, P = 0.94, average latency, P = 0.53; hN2B versus N2B C1/C2
successes, P = 0.13, average delay, P = 0.26. nc, not calculated. h, human; r, rat.

20nly a single exponential was needed for fit so success rate = efficiency.
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Figure 7. Activation of human GluN2C and GluN2D receptors. (A-D) Currents from patches containing a presumed single human GluN1/GluN2C (A and B)
or a GluN1/GluN2D (C and D) receptor in response to 1-s glutamate applications. See Table 2 for additional details. (E and F) Dwell time histogram of the
latency to first opening for GluN1/GluN2C (E) or GluN1/GluN2D (F) receptors. Both histograms were best fit by two exponentials (dashed lines).

pH (Fig. 3). Of the different GIuN2 subunits, GluN2B-containing
NMDARs showed the most dramatic failure rate and delays to
opening (Fig. 4 and Fig. 8), highlighting that GluN2B subunit has
the most distinct activation mechanism. The mechanistic and
structural basis for the activation mechanism of the various
GluN2 subunits remains unknown.

Most of our experiments were done with a 1-s pulse, as this
aided in data collection (see Materials and methods). However,
we also made synaptic-like glutamate pulses (2 ms, see Materials
and methods) for GluN1/GluN2A and GluN1/GluN2B (Fig. 5).
With synaptic-like applications, the success rate defines effi-
ciency. Notably, the success rate for GluN1/GluN2A was 64%,
less than the efficiency measured with 1-s pulses (0.85)
(Table 3). For GluN1/GluN2B, the success rate measured with 2-
ms pulses was 53%, same as that measured with 1-s pulses
(0.56). For the fast-activating GIuN1/GluN2A, we assume that
the difference in efficiency between 2 ms and 1 s reflects that
the 1-s pulse captures additional slower activation events in the
fast component of the histogram (Fig. 5 C; note the rising phase
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is comparable but the peak is shifted rightward for 1 s). Despite
this difference, the 2-ms pulses generally validate our defini-
tion of efficiency for 1-s pulses (see Materials and methods)
with the caveat for GluN1/GluN2A, and the 1-s pulses overes-
timate efficiency. Nevertheless, to rigorously test the synaptic
dynamics of GluN1/GluN2A receptors requires brief synaptic-
like glutamate pulses.

Energy-based internal enhances receptors activation

efficiency

In our experiments, we transitioned from an internal solution
lacking energy (no ATP or GTP) to one containing sources of free
energy (ATP and GTP, see Materials and methods). This energy-
based internal by itself significantly enhanced activation effi-
ciency (Fig. 1). The specific basis for this outcome is not known,
but most likely reflects that the status of the intracellular
C-terminal domain (CTD) is altered in the presence of the energy
components and changes in some way the structural elements
involved in receptor gating (Rosenmund and Westbrook, 1993;
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Figure 8. Comparison of activation efficiency of different human NMDARs. (A) Mean (+SEM) success rate: *P < 0.05, **P < 0.01, ****P < 0.0001, one-

way ANOVA (P < 0.0001) with a post-hoc Tukey’s test: N2A versus N2B, P = 0

.0036, N2A versus N2C, P = 0.03, N2A versus N2D, P = 0.045; N2B versus N2C,

P < 0.0001, N2B versus N2D, P < 0.0001; N2C versus N2D, P = 0.99. (B) Mean (+SEM) efficiency (n) of activation: ****P < 0.0001, one-way ANOVA (P < 0.0001)

with a post-hoc Tukey’s test: N2A versus N2B, P < 0.0001, N2A versus N2C, P =

0.44, N2A versus N2D, P = 0.58; N2B versus N2C, P < 0.0001, N2B versus N2D,

P < 0.0001; N2C versus N2D, P > 0.99. (C) Mean (+SEM) average latency: ****P < 0.0001, one-way ANOVA (P < 0.0001) with a post-hoc Tukey’s test: N2A
versus N2B, P < 0.0001, N2A versus N2C, P = 0.70, N2A versus N2D, P = 0.81; N2B versus N2C, P < 0.0001, N2B versus N2D, P = 0.0008; N2C versus N2D, P >
0.99. See Table 2 for additional details. Note that “not significant” comparisons are not indicated.

Wang et al., 1993, 1996; Krupp et al., 2002; Bhatia et al., 2020).
Indeed, a variety of posttranslational modifications of the CTD
regulate receptor activation and gating (Salter et al, 2009;
Murphy et al.,, 2014; Hansen et al.,, 2021; Mony and Paoletti,
2023).

How modulation of presumed intracellular sites enhances
receptor activation is unclear. Some possible mechanisms in-
clude altered conformation of the CTD, which can impact re-
ceptor function (Choi et al., 2013) and may do so via the M4
segment (Amin et al., 2018; Hubalkova et al., 2021), and/or in-
teractions with the lipid bilayer that change the lipid composi-
tion/organization proximal to the transmembrane domain
(Korinek et al., 2015). Future experiments will be needed to
further define this issue.

Different human GluN2 subunits

While we could assay rise times using summed currents for
GluN2A-containing constructs (e.g., Amin et al., 2021), we were
unable to do so consistently for GluN2B, GluN2C, or GluN2D
constructs given the variability in latency to first opening.
Nevertheless, the general pattern of activation (latency to first
opening), GIuN2A ~ GIuN2C ~ GluN2D > GluN2B, parallels the
rise times for rodent constructs: GluN2A about 5 ms (Amin et al.,
2021) and 7 ms (Erreger et al., 2005); GluN2C about 4 ms (Dravid
et al., 2008); GluN2D about 4.5 ms (Vance et al., 2012), and
GluN2B about 12 ms (Erreger et al., 2005).

The diheteromeric GluN1/GluN2B receptors are the most
inefficient subunit combination, having by far the fewest suc-
cesses and the longest latency to first opening (Fig. 4 and Fig. 8).
This highlights that the activation mechanism of GluN2B has
major biophysical and structural differences from GluN2A
subunits (Tian et al., 2021; Vyklicky et al., 2021). Open-state
structures are now available for GluN1/GluN2B (Chou et al.,
2024). Presumably, when GluN1/GluN2A open-state structures
are available, there will be some difference in detail between
these structures. On the other hand, GluN2C- and GluN2D-
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containing NMDARs displayed an activation efficiency not that
dissimilar to GluN2A-containing (note GluN2C- and GluN2D-
containing receptors tended to activate more slowly, but these
differences were not significantly different). The major differ-
ence between GluN2C- and GluN2D-containing subunits is their
much shorter mean open times (Traynelis et al., 2010). Hence,
the process for the transition from agonist binding to channel
opening may share characteristics between GluN2A-, GluN2C-,
and GluN2D-containing receptors. New structures, as well as
associated functional, optical, and molecular dynamic simu-
lations, can help clarify the similarities and differences between
the various subunits (Tian et al., 2021; Wang et al., 2021; Chou
et al., 2022, 2024; Zhang et al., 2023; Bleier et al., 2024).

Mechanism of efficiency in NMDAR gating

Glutamate application to single-channel patches in NMDARs
results in either successes (single-channel currents) or failures
(no current). Similarly, the slow component of successes, which
would not contribute to fast synaptic transmission as high-
lighted by brief applications (Fig. 5), further adds to the ineffi-
ciency of NMDAR activation. Failures and the slow components
have physiological importance since a receptor would not con-
tribute to synaptic current by the transmitter release event, and
hence defining the mechanism is important to defining basic
features of synaptic transmission.

In terms of NMDARs or ligand-gated ion channels in general,
failures can arise from three general mechanisms: (1) Perhaps
the most defined pathway, at least kinetically, is that the re-
ceptor has not recovered from a desensitized state induced by
the previous glutamate exposure (Vance et al., 2013; Yao et al.,
2013; Alsaloum et al., 2016). As would be expected, under our
experimental conditions, increasing the recovery time between
patches from 4 to 10 s potentiated gating efficiency. It is possible
that the receptor still exists in a desensitized conformation after
the 9-s delay though we think this is unlikely given that the tau
of recovery is <1 s for GluN1/GluN2A (Alsaloum et al., 2016). (2)
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Alternatively, failures may arise from inefficient events at the
ligand-binding domain either because the agonist cannot bind or
the agonist takes on the incorrect conformation in the binding
pocket (Dolino et al., 2016; Yu and Lau, 2018; Yovanno et al.,
2022). (3) The agonist may bind and activate the ligand-binding
domain (i.e., close the clamshell), but the structural mechanisms
coupling this conformational change, mainly in the linkers
connecting the ligand-binding domain to the transmembrane
domain (LBD-TMD linkers) (Talukder et al., 2010; Kazi et al.,
2013, 2014; Ogden et al., 2017; McDaniel et al., 2020), to chan-
nel opening cannot overcome a local energy barrier. However,
since no experimental condition eliminated failures, further
research is necessary to fully understand the basis of failures in
ion channel gating.

Synaptic implications of NMDAR activation efficiency

Our experiments did not address the impact of Ca?* and Mg?*,
two critical physiological factors, on receptor activation. In ad-
dition, it is not clear that NMDARs are saturated with a single
release event (Mainen et al., 1999), and we did not address the
impact of sub-saturating glutamate (or glycine) concentrations
on receptor activation. Nevertheless, our experiments reinforce
the general principles of GluN2 subunit-specific gating and its
regulation (Hansen et al., 2021; Mony and Paoletti, 2023), spe-
cifically, that GluN2A-containing receptors, either dihetero-
meric or triheteromeric, would be the fastest acting and efficient
(Erreger et al., 2005; Hansen et al., 2014).

Previous work has highlighted that the kinetics of NMDAR
activation plays a significant role in events at synapses (Lester
et al., 1990; Rosenmund et al., 1995; Popescu et al., 2004). Our
experiments with 2-ms glutamate pulses extend these findings
and suggest interesting features of subunit-specific differences
that are also supported by our 1-s pulses: GluN2A-containing
receptors, either diheteromeric or triheteromeric, are acti-
vated more efficiency and with a reduced delay in comparison to
GluN2B-containing diheteromeric receptors (Fig. 4, Fig. 5, and
Fig. 6). In contrast, diheteromeric GluN2B-containing receptors
while more inefficient also show a slower time course and a
greater inconsistency of when activated (note the broader dis-
tribution of the fast component of the latency to first opening for
GluN2A-(Fig. 3) versus GluN2B- (Fig. 4) containing receptors),
suggesting that they would be less synchronized with a release
event. Presumably, the more synchronized GluN2A-containing
NMDARs would impact the dynamics of relief from Mg?* block
and Ca?* influx in ways different from the less synchronized
diheteromeric GluN2B-containing NMDARs. Nevertheless, these
issues would have to be addressed specifically at synapses.

Conclusion

Assaying the latency to the first opening is a robust technique to
elucidate the intricacy of ion channel gating dynamics and
bridge the gap between agonist binding and channel activation.
Clearly, the limitation of this approach is that it does not monitor
events following the initial activation step, such as mean open
time. Further, ultimately to fully resolve mechanisms of NMDAR
activation will require a substantial number of events, far be-
yond those in the present study. To overcome experimental
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limitations and accurately reproduce the native features of
synaptic NMDARSs, careful selection of experimental conditions
and a significantly large number of samples will be necessary.

Data availability

The datasets generated and analyzed during the current study
are available from the corresponding authors upon reasonable
request. The code used for analysis is available on GitHub
(https://github.com/lwollmuth/HEKCell_Analysis).
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