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Abstract
GluN2D-containing NMDA receptors are characterized by an unusually low open probability
(0.023), even in the presence of saturating glutamate and glycine. Here, we show that recombinant
GluN1/GluN2D NMDA receptors can enter brief periods with exceptionally high open probability
(0.65) in excised outside-out and cell-attached single channel recordings. GluN1/GluN2D
channels during the enhanced gating mode have similar open durations as occurs outside of the
high open probability burst of activity. However, the periods in the high gating mode only exhibit
4 brief closed duration exponential components similar to the briefest observed for openings
outside the burst. GluN1/GluN2D receptors also open to a more prominent subconductance level
compared to activity outside the high open probability burst. Evaluation of a five-state NMDA
receptor gating model suggests that both the opening and closing rate constants differ for the
periods of higher open probability compared to the high open probability arm of a gating model
previously published for GluN1/GluN2D fit to a representative full length single channel
recording. These data demonstrate that GluN2D-containing NMDA receptors can enter a
conformation or mode that allows the pore to gate with high probability.
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1. Introduction
N-methyl-D-aspartate (NMDA) receptors are ionotropic glutamate receptors typically
composed of two glycine-binding GluN1 subunits and two glutamate-binding GluN2
subunits. Four GluN2 subunits (GluN2A-D) have been identified and are thought to control
many of the kinetic properties of the NMDA receptor, including open probability,
conductance levels, and deactivation time course (Monyer et al., 1994; Kuner and
Schoepfer, 1996; Vicini et al., 1998; Qian et al., 2005; Dravid et al., 2008; Yuan et al., 2009;
Traynelis et al., 2010; Vance et al., 2012). In addition, eight GluN1 splice variants, which
are formed by mRNA splicing of a single gene, have been identified (Hollmann et al., 1993).
The single channel and macroscopic current properties as well as the neuronal expression of
GluN2D-containing NMDA receptors differ substantially from other NMDA receptor
subunits. Individual recombinant GluN1-1a/GluN2D NMDA receptors have a particularly
low single channel open probability of approximately 0.02, which is 25-fold lower than
GluN1/GluN2A receptors (open probability around 0.5) (Popescu and Auerbach, 2003;
Erreger et al., 2005; Yuan et al., 2009; Vance et al., 2012). GluN2D-containing receptors
also exhibit a prominent single channel subconductance level, reduced sensitivity to
inhibition by Mg2+, and an exceptionally slow deactivation time course following the
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removal of glutamate (Wyllie et al., 1996; Vicini et al., 1998; Wyllie et al., 1998; Clarke and
Johnson, 2006; Yuan et al., 2009; Vance et al., 2011). The expression of the GluN2D
subunit peaks early in development and later can only be found in particular regions of the
adult brain (Monyer et al., 1994; Standaert et al., 1994; Dunah et al., 1996; Wenzel et al.,
1996), including the subthalamic nucleus, substantia nigra, spinal cord, cerebellar Golgi and
Purkinje cells, and interneurons (Laurie and Seeburg, 1994; Monyer et al., 1994; Standaert
et al., 1994, 1996; Dunah et al., 1996; Wenzel et al., 1996; Goebel and Poosch, 1999;
Standaert et al., 1999).

NMDA receptors have long been known to exhibit periods of high open probability. Jahr
and Stevens (1987) and Gibb and Colquhoun (1991) reported brief periods of extremely
high open probability in single channel recordings of hippocampal NMDA receptors
activated by the selective agonist NMDA (Jahr and Stevens, 1987; Gibb and Colquhoun,
1991), while Howe et al. (1988, 1991) identified high open probability bursts in native
NMDA receptors in cerebellar granule cells when activated by several agonists, including
NMDA, glutamate, and aspartate (Howe et al., 1988, 1991). These high open probability
bursts were correlated to an increase in mean open time (Jahr and Stevens, 1987) and were
independent of agonist concentration (Gibb and Colquhoun, 1991). More recently,
recombinant AMPA and NMDA receptors have been shown to exhibit multiple modes in
gating when expressed in HEK 293 cells. Both GluN1/GluN2A (Popescu and Auerbach,
2003; Popescu et al., 2004; Zhang et al., 2008; Kussius and Popescu, 2009) and GluN1/
GluN2B (Amico-Ruvio and Popescu, 2010) NMDA receptors exhibit modal gating,
although on a much longer time scale than observed in the hippocampal or cerebellar
NMDA receptor recordings. Moreover, unlike hippocampal NMDA channels, recombinant
GluN2A-containing receptors are capable of entering high-, medium-, and low-gating
modes. Modal gating described for GluN1/GluN2A and GluN1/GluN2B receptors also is
correlated to mean open time, as open time is longest in high mode and shortest in low mode
(Popescu and Auerbach, 2003; Popescu et al., 2004; Zhang et al., 2008; Kussius and
Popescu, 2009; Amico-Ruvio and Popescu, 2010; Popescu, 2012). Additionally, single
channel recordings of GluA1-4 AMPA receptors also reveal distinct gating modes when
recorded in the presence of cyclothiazide to reduce desensitization (Poon et al., 2010; Prieto
and Wollmuth, 2010; Poon et al., 2011). While both NMDA and AMPA receptors appear
able to enter multiple gating modes, the mechanisms that control modal gating remain
elusive.

The goal of this study was to determine whether GluN1/GluN2D NMDA receptors also can
undergo modal gating. We show here that GluN1-1a/GluN2D NMDA receptors are capable
of entering brief periods of exceptionally high open probability when activated by saturating
concentrations of glutamate and glycine in excised, outside-out patch recordings with a
single active channel. We further demonstrate that GluN2D-containing receptors can enter a
high gating mode regardless of recording condition or the GluN1 splice variant assembled
within the receptor, as cell-attached single channel recordings of GluN1-1b/GluN2D
receptors also exhibit a high gating mode. Finally, we show that the rate constants of a five-
state NMDA receptor gating model are altered when fit to the high open probability bursts
from GluN1-1a/GluN2D receptors in outside-out patches that contain a single active channel
when compared to the channel in lower open probability gating mode.

2. Methods
2.1. Cell culture

Human embryonic kidney 293 cells (CRL 1573; ATCC, Rockville, MD; hereafter HEK 293
cells) were plated onto 5 mm diameter glass coverslips (Warner Instruments, Hamden, CT)
that were coated in 100 μg/mL poly-D-lysine. Cells were maintained in 5% humidified CO2
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at 37 °C in Dulbecco's Modified Eagle Medium (Invitrogen, Carlsbad, CA) that was
supplemented with 10% fetal bovine serum, 10 units/ml penicillin, and 10 μg/ml
streptomycin. HEK 293 cells were transfected transiently using Fugene 6 (Roche
Diagnostics, Basel, Switzerland) with cDNA encoding rat GluN1-1a (GenBank U11418,
U08261) or GluN1-1b (GenBank U08263), GluN2D (GenBank L31611), and green
fluorescent protein (GFP) at a ratio of 1:1:1 (0.5 μg total cDNA/well), as previously
described (Vance et al., 2012). Following transfection, the HEK 293 cells were incubated in
media supplemented with D,L-2-amino-5-phosphonovalerate (200 μM) and 7-
chlorokynurenic acid (200 μM).

2.2. Electrophysiology
Voltage-clamp recordings were made from excised, outside-out patches (VHOLD −80 mV)
or cell-attached patches (VHOLD +100 mV) from transiently transfected HEK 293 cells.
Single channel recordings were obtained using an Axopatch 200B amplifier (Molecular
Devices, Union City, CA), and were digitized at 40 kHz using Axon pClamp10 software and
filtered at 8 kHz using an eight-pole Bessel filter (−3 dB; Frequency Devices, Haverhill,
MD). Thick-walled borosilicate glass (Warner Instruments, Hamden, CT) was used to form
recording electrodes, which were then coated with Sylgard 184 (Dow Corning, Midland,
MI). Electrodes were filled with a pipette solution containing (in mM) 110 D-gluconate, 110
CsOH, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl2, 2 MgCl2, 5 BAPTA, 2 NaATP, and 0.3
NaGTP (pH 7.35) for excised, outside-out patches. Cells were bathed at 23 °C in an
extracellular solution composed of (in mM) 150 NaCl, 10 HEPES, 30 D-mannitol, 3 KCl, 0.5
CaCl2, and 0.01 EDTA at pH 8.0. The agonist solution was composed of extracellular
solution supplemented with 0.05 mM glycine and 1 mM L-glutamate. Recording electrodes
for the cell-attached recordings were filled with a pipette solution composed of the external
solution with 1 mM L-glutamate and 0.05 mM glycine at pH 8.0. The holding potential was
corrected for a junction potential of +5.4 mV when determining chord conductance (Vance
et al., 2012).

2.3. Single channel analysis
Recordings were determined to have a single functional NMDA receptor when no double
openings were observed throughout the duration (>3 min) of the recording (Colquhoun and
Hawkes, 1990). The single channel records were idealized using the time course fitting
method (SCAN; Colquhoun and Sigworth, 1995). The high open probability bursts were
identified either through visual evaluation of the data records or by plotting the open
probability as a function of time in 50–100 ms increments for each idealized data record.
Only high gating modes that endured for a minimum of 50 ms with open probabilities of at
least 0.25 were analyzed. Maximum likelihood fitting was used to analyze dwell time and
amplitude histograms (EKDIST; www.ucl.ac.uk/Pharmacology/dcpr95.html). Adjacent open
periods with different amplitudes were combined, and a 53 μs open resolution and 31 μs
shut resolution were imposed on the data record (Colquhoun and Sigworth, 1995). The
sequence of individual open and closed transitions within periods of the high gating mode
were analyzed to evaluate unitary current amplitude, open duration properties, and shut
duration characteristics. Fitted single channel unitary current amplitudes ranged from 0.0 to
7.0 pA. Open-point amplitude histograms were constructed, which could be fitted best by
the sum of two Gaussian components.

When open periods within defined amplitude ranges (openings within 1.5 standard
deviations of the mean amplitude) were evaluated, only openings longer than 246 μs, which
is 2.5 times the filter rise time of 98.6 μs and long enough to reach 99.8% of the maximal
amplitude, were included in the fit (Wyllie et al., 1996). In this analysis, adjacent openings
to different conductance levels were treated as independent openings, each with a unique
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duration. The open duration histograms of openings within defined amplitude ranges were
best fit by a single exponential equation.

The idealized data were converted to a QUB-compatible format (www.qub.buffalo.edu) to
allow NMDA receptor gating models to be fitted to the data using maximum interval
likelihood fitting (MIL) (Qin et al., 1997). A 50 μs resolution was imposed on the data
record during maximum likelihood fitting on the data records. Consecutive opening to
different amplitudes were joined and treated as a single open duration. We evaluated various
gating schemes by comparing their log likelihood values, and a change of more than 10 log
likelihood units was our threshold for an improvement in the fit.

2.4. Statistical analysis
Data are reported as mean ± s.e.m. to two significant figures and were evaluated statistically
using an unpaired t-test or a Mann–Whitney test. Significance for all tests was set at p <
0.05.

3. Results
3.1. GluN1/GluN2D exhibits brief periods of high open probability

A feature of NMDA receptor function is modal gating, in which the characteristics of
channel behavior change over a time scale of seconds (Popescu and Auerbach, 2003;
Popescu et al., 2004; Zhang et al., 2008; Kussius and Popescu, 2009; Amico-Ruvio and
Popescu, 2010). To evaluate whether GluN1/GluN2D NMDA receptors are capable of
undergoing modal gating, we recorded GluN1-1a/GluN2D single channel currents in
excised, outside-out patches pulled from transiently transfected HEK 293 cells for prolonged
periods of time. The single channels were activated by steady application of 1 mM L-
glutamate at 0.05 mM glycine at pH 8.0 and 0.5 mM Ca2+. In a subset of our GluN1-1a/
GluN2D recordings (six out of a total of 23 recordings) that contained one active channel,
we observed brief periods of extraordinarily high open probability, which endured for 50–
600 ms (Fig. 1). These periods of high open probability, while relatively short in duration,
were similar to the prominent high gating mode observed in GluN1/GluN2A (Popescu and
Auerbach, 2003; Popescu et al., 2004; Kussius and Popescu, 2009). The mean percentage of
time during which the receptor exhibited a high gating mode across all six patches in which
they were evident was 0.11%.

GluN1-1a/GluN2D open probability increased nearly 30-fold from 0.023 in the more
common low mode to 0.65 in the rarer high gating mode (Fig. 1A–D; Table 1). Interestingly,
while the amplitude of the subconductance level does not change significantly while in the
high gating mode, the subconductance level becomes significantly more prominent than in
the typical, low mode recordings (41% vs. 28%; Fig. 1E, Table 1; p < 0.05; t-test), differing
from NMDA receptors in hippocampal and cerebellar neurons (Jahr and Stevens, 1987;
Gibb and Colquhoun, 1991; Howe et al., 1988, 1991). The mean open duration of openings
during high mode gating increased significantly to 1.2 ± 0.069 ms from 0.42 ± 0.037 ms (p
< 0.05; Mann–Whitney test; Table 1). The open duration histograms for the periods in high
mode were best fit by the sum of two exponential components (0.12 ± 0.046 ms and 1.3 ±
0.061 ms), which were significantly longer than the open duration histogram components for
the more typical periods during recordings of GluN1-1a/GluN2D receptors (p < 0.05; t-test;
Table 1; Fig. 2A). In addition, the mean shut time decreased significantly in the high mode
to 0.95 ± 0.36 ms from 24 ± 5.6 ms (p < 0.05; Mann–Whitney; Table 1). While the average
GluN1-1a/GluN2D single channel recording shut time distribution histograms were best fit
by a sum of 7 exponential functions, the three longest shut time components appeared to be
absent in the high gating mode (Fig. 2B).
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Because the subconductance level is more prominent in the high gating mode, we evaluated
the extent to which the increase in open probability in the high gating mode was due to an
increase in the mean open time of the subconductance state by evaluating conditional open
duration histograms for channel openings within each amplitude level (Wyllie et al., 1996).
We found that the only the mean open time of the higher conductance level (0.72 ± 0.055
ms) was longer in the high gating mode compared to the more typical low gating mode (0.47
± 0.035 ms; p < 0.05; Mann–Whitney test). These values are lower than open periods
reported above (Table 1), which included duration of adjacent openings that reflected a
direct transition between two different conductance levels. The mean open time of the
subconductance level in high gating mode was not significantly longer than when in the low
gating mode (0.54 ± 0.053 ms and 0.41 ± 0.035 ms, respectively; p = 0.1; Mann–Whitney
test). These data show that the GluN1/GluN2D receptor enters the subconductance level
more frequently when in the high gating mode, but does not remain at the subconductance
level for longer durations than when gating in the low mode.

We also observed the presence of high gating modes in cell-attached single channel
recordings of GluN1-1a/GluN2D and GluN1-1b/GluN2D, suggesting that the high mode
occurs regardless of recording condition or GluN1 splice variant. That is, the high gating
mode is not a consequence of removal of the intracellular compartment, disruption of the
cytoskeleton, or extensive dialysis of the intracellular compartment. In one out of five cell-
attached GluN1-1b/GluN2D single channel recordings, we observed several periods of high
gating mode, with one period enduring for 260 ms (Fig. 3). The open probability of this high
gating mode increased to 0.52 compared to the open probability of 0.036 in the remainder of
the recording. The open duration histogram for the high mode in this cell-attached patch was
best fit with one exponential component of 0.47 ms (Fig. 3B), while the shut duration
histogram was best fit by two exponential components of 0.051 ms (41%) and 0.69 ms
(59%) (Fig. 3C); this patch had a mean shut time of 0.43 ms during the high open
probability period. These data show that GluN2D-containing NMDA receptors are capable
of adopting (albeit rarely) a conformation in which pore opening occurs with high
probability for agonist-bound receptors.

3.2. Increases in open probability reflect changes in GluN1/GluN2D gating
We next evaluated whether the high gating mode exhibited in our excised, outside-out patch
recordings with a single active channel had differing gating rate constants compared to
typical periods of GluN1-1a/GluN2D single channel activity (Wyllie et al., 1998; Yuan et
al., 2009; Vance et al., 2012). A gating model capable of describing GluN1-1a/GluN2D
single channel and macroscopic current data has previously been described (Vance et al.,
2012). However, this model was designed to describe data with at least six shut time
components. By contrast, periods of high gating mode in the GluN1-1a/GluN2D recordings
had fewer identifiable shut time components (Fig. 2B; Table 1). This model of GluN2D
function involved a high open probability arm and a low open probability arm that could
interconvert. We reasoned that a third arm of this model might similarly be represented as a
linear scheme (Fig. 4A). Because this arm is rarely visited, we assumed rate constants into
and out of it were low and could not be ascertained from the limited number of high open
probability bursts in our data set. We therefore evaluated the ability of a linear model with 3
or 4 closed states and two open states to fit the isolated high open probability data. This
linear model was similar to those that previously have been used to describe modal gating in
GluN1/GluN2A and GluN1/GluN2B single channel recordings (Fig. 4) (Popescu and
Auerbach, 2003; Popescu et al., 2004; Zhang et al., 2008; Kussius and Popescu, 2009;
Amico-Ruvio and Popescu, 2010; Popescu, 2012). Evaluation of the log likelihood for the
high open probability data suggested the best linear model included 3 closed and two open
states.
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When the NMDA receptor gating model was fit simultaneously to data from all high open
probability bursts, the opening rate constant was accelerated when compared to the
corresponding rate constant in either arm of a gating model previously published for GluN1/
GluN2D that was fit to a representative full length GluN1/GluN2D single channel recording
(Fig. 4A). This finding is consistent with the changes in gating rate constants between the
modes previously observed for GluN1/GluN2A and GluN1/GluN2B single channel
recordings (Popescu and Auerbach, 2003; Zhang et al., 2008; Kussius and Popescu, 2009;
Amico-Ruvio and Popescu, 2010; Popescu, 2012). The model adequately predicted the
composite open and shut duration histograms for all 8 high gating mode bursts of GluN1-1a/
GluN2D (Fig. 4B,C), and the model predicted the GluN1-1a/GluN2D high gating mode had
an open probability of 0.54, similar to the open probability of 0.65 determined from our
experimental data. These data suggest that GluN1/GluN2D NMDA receptors are capable of
entering periods of high open probability with similar channel properties and gating rate
constants as has been observed in the modal gating of other NMDA receptors.

4. Discussion
There are several key findings in our study of the high open probability bursts in GluN1/
GluN2D single channel recordings. First, although GluN1/GluN2D typically has a very low
single channel open probability around 0.02, the receptor is capable of adopting protein
conformations that allow it to enter periods of extremely high open probability. This
increase in single channel open probability is accompanied by a significant increase in the
mean open duration time and a significant decrease in the mean shut time. Second, while in
high gating mode, GluN1-1a/GluN2D openings in the subconductance level occur more
frequently than while in normal, low gating mode. Finally, the opening rate constant was
more rapid in the high gating mode than the in the upper, elevated probability arm of a
GluN1/GluN2D gating model fit to the full length, low open probability recording period of
a representative recording. These data raise the possibility that GluN1/GluN2D receptors
can support brief periods of high activity, which may influence neuronal function by
increasing charge transfer by many fold. Although the mechanisms underlying these periods
of high open probability are unknown, this property holds important implications for
structural features of gating as well as the properties of triheteromeric receptors that contain
GluN2D and a different GluN2 subunit.

Modal gating, in which a channel slowly shuttles between two modes with distinct
properties, has been observed in a number of ion channels and appears to be a common
feature that regulates channel function. In L-type and P/Q-type calcium channels, modal
gating has been attributed to both phosphorylation and voltage dependence (Hess and Tsien,
1984; Ochi and Kawashima, 1990; Yue et al., 1990; Dzhura et al., 2000; Alt et al., 2004;
Fellin et al., 2004; Luvisetto et al., 2004; Hashambhoy et al., 2009). In addition,
phosphorylation has been implicated in modal gating in K+ channels (Marrion, 1996; Smith
and Ashford, 1998; Singer-Lahat et al., 1999; Mullner et al., 2003). Voltage, auxiliary
subunits, G-protein subunits, and other intracellular signaling molecules lead to models of
modal gating in a number of other channels, including voltage-activated Na+ and Ca2+

channels as well as acetylcholine activated channels (Howe and Ritchie, 1992; Delcour et
al., 1993; Naranjo and Brehm, 1993; Imredy and Yue, 1994; Chang et al., 1996; Peterson et
al., 1999; Singer-Lahat et al., 1999; Wakamori et al., 1999; Meir et al., 2000).

Our data suggest that GluN1/GluN2D NMDA receptors may undergo a form of modal
gating, as we observed brief periods of exceptionally high open probability in our single
channel recordings similar to that observed in other channels, notably GluN2A-containing
NMDA channels. However, unlike modal gating in GluN2A- and GluN2B-containing
NMDA receptors and AMPA receptors, which exhibit several gating states that endure over
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a period of many seconds, we only observed brief periods of high open probability and no
other distinguishable gating modes other than the low open probability behavior that
previously has been described (Wyllie et al., 1998; Yuan et al., 2009; Vance et al., 2012).
Therefore, it remains to be determined whether the high gating mode we observed in GluN1/
GluN2D is a mechanistically similar form of modal gating that has been reported for other
NMDA and AMPA receptors or is unique to GluN2D-containing receptors.

The structural basis for the high gating mode is unknown. One possibility is that high gating
mode could signal a rearrangement of the amino-terminal domains within the NMDA
receptor family, as this domain is particularly important in controlling single channel open
probability (Gielen et al., 2009; Yuan et al., 2009). Alternatively, modal gating might reflect
a change in the coupling of the receptor to an intracellular scaffold or binding of an
intracellular protein (Rosenmund and Westbrook, 1993; Ehlers et al., 1996, 1998; Zhang et
al., 1998; Krupp et al., 1999; Chavis and Westbrook, 2001; Rycroft and Gibb, 2002, 2004).
Whereas we recorded from recombinant GluN1/GluN2D expressed in HEK 293 cells, it is
possible that GluN2D-containing NMDA receptors expressed in native tissues could
undergo a more prominent form of modal gating, or transition to high open probability states
more often for longer durations than we observed in our recordings. We anticipate such an
effect could occur as a result of the presence of potential NMDA receptor auxiliary subunits,
neuron-specific posttranslational modifications, and/or physiological temperatures.

A model for GluN2D gating recently has been described that allows the GluN1/GluN2D
receptor to shift in any closed state from gating at a higher open probability to gating at a
lower open probability (Vance et al., 2012). This could be interpreted as a model describing
the modal gating of GluN1/GluN2D NMDA receptors. However, our observation here of
very brief periods in a high gating mode are not a manifestation of that model, as the open
probability we observe here (0.65) is much higher than predicted for the enhanced open
probability arm of the model (0.012). Because the high gating mode described here occurs
rarely, it suggests a limited number of access points to this state, in contrast to the model
presented in Vance et al. (2012). One way to model this behavior is as a separate
phenomenon that is connected to the model previously described, but with slow rate
constants that limit the visitations to the high gating mode.

While the periods of high gating mode for GluN1/GluN2D are rare, it would take nearly 30 s
for the receptor in normal, low gating mode to pass as much current as the receptor would in
one second in high gating mode. If the GluN2D subunit is expressed at synapses, a few
GluN2D-containing receptors gating in high mode could dramatically impact the shape of
the synaptic currents, increasing peak amplitude and enhancing charge transfer. Indeed, such
a dramatic effect in GluN2D gating could also lead to pronounced variation in the peak
amplitudes or charge transfer in excitatory postsynaptic currents, and thus would be
expected to make important contributions to neuronal signaling.

5. Conclusion
In conclusion, our data show for the first time that the GluN1/GluN2D NMDA receptor is
capable of entering brief periods of high open probability. It seems likely that gating in a
high open probability mode could dramatically influence the synaptic currents in a synapse
in which the GluN2D subunit is expressed, making this property a potentially important
determinant of channel function.
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Fig. 1.
GluN1/GluN2D receptors exhibit high gating modes in excised outside-out patches. A, A
representative trace of an outside-out GluN1-1a/GluN2D single channel recording exhibiting
a mode of high open probability (box) than is sustained for 470 ms. The full burst is shown
in (B) and expanded further in (C). An open probability stability plot is given in (D), where
the POPEN of the recording was analyzed in 100 ms increments. Note the sharp increase in
POPEN at about 90 s into the recording when the channel displays a high gating mode
(arrow). E, A representative open-point histogram of fitted channel amplitudes for a high
gating mode from the GluN1-1a/GluN2D single channel recording shown in A; this
histogram was fitted with two Gaussian components, which we interpret to reflect two levels
with chord conductances of 32 pS and 53 pS.
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Fig. 2.
The high open probability bursts have similar open time components but fewer shut time
components than the GluN1/GluN2D single channel recordings for low open probability
periods. A, Composite open time histograms from 8 bursts in 6 patches for the high open
probability bursts (gray) and the low gating mode in 6 GluN1/GluN2D single channel
recordings were best fit by the sum of two exponential components. The high open
probability bursts had significantly longer open time components than the openings that
occurred outside of the high open probability bursts. B, The composite shut time histogram
for all high open probability bursts was best fit by four exponential components, while the
histogram for the low open probability periods from the 6 single channel recordings was
best fit with 7 exponential recordings. The longer shut time components are absent in the
high open probability bursts. There were a total of 1110 open and 1118 closed durations
fitted for the high open probability bursts.

Vance et al. Page 13

Neuropharmacology. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
GluN1-1b/GluN2D receptors enter high gating modes in cell-attached patches. A, A
representative trace of a cell-attached GluN1-1b/GluN2D receptor single channel recording
shows a high gating mode that endures for 260 ms. The entire period of high gating mode is
given in (B) and is expanded in (C).
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Fig. 4.
Gating rates differ during high probability bursts. A, A model with three closed and two
open states that previously has been used to describe GluN1/GluN2A and GluN1/GluN2B
single channel recordings (Popescu and Auerbach, 2003; Popescu et al., 2004; Erreger et al.,
2005; Zhang et al., 2008; Amico-Ruvio and Popescu, 2010) as well as describe each arm of
a GluN1/GluN2D model (Vance et al., 2012) was fitted to the composite sequence of single
channel openings during the high gating for all recordings during high gating mode. The
open probability was considerably higher than that predicted by the upper, fast-gating arm of
a model developed for GluN1/GluN2D single channel recordings (Vance et al., 2012) fit to
the normal, low mode openings within the representative recording in Fig. 1 (open
probability of 0.012). B, The shut time histogram for the composite of all 8 high gating
mode bursts is given, overlaid with the probability density function predicted by fitting the
gating model to the data. C, The open time histogram for the composite of all 8 high gating
mode bursts is given, overlaid with the probability density function predicted by fitting the
gating model to the data.
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Table 1

Single channel and macroscopic properties of GluN1-1a/GluN2D full recordings and the high open probability
bursts.

Parameters Full recording High PO burst

N 6 8

POPEN 0.023 ± 0.0068
0.65 ± 0.084

*

Mean open duration (ms) 0.42 ± 0.037
1.2 ± 0.069

*

    τ1 open, ms (%) 0.032 ± 0.0070 (38%)
0.12 ± 0.046

*
 (6.0%

*
)

    τ2 open, ms (%) 0.66 ± 0.040 (62%)
1.3 ± 0.061

*
 (94%

*
)

    Number of open periods 11,202 1110

Mean shut duration (ms) 24 ± 5.6
0.95 ± 0.36

*

    τ0 shut, ms (%) 0.019 ± 0.00040 (30%)
0.038 ± 0.012 (66%

*
)

    τ1 shut, ms (%) 0.22 ± 0.012 (14%)
0.44 ± 0.070

*
 (22%)

    τ2 shut, ms (%) 6.1 ± 0.76 (10%) 7.7 ± 3.7 (11%)

    τ3 shut, ms (%) 20 ± 2.5 (24%)
24 ± 5 (1%

*
)

    τ4 shut, ms (%) 61 ± 7.1 (18%) –

    τ5 shut, ms (%) 280 ± 110 (3%) –

    τ6 shut, ms (%) 3200 ± 1100 (<1%) –

Amplitude 1 (pA) 2.7 ± 0.12 2.7 ± 0.12

Amplitude 2 (pA) 4.6 ± 0.13 4.6 ± 0.12

    γ1, pS (%) 32 ± 1.4 (28%)
32 ± 1.4 (41%

*
)

    τ2, pS (%) 54 ± 1.5 (72%)
53 ± 1.4 (59%

*
)

Excised, outside-out single channel recordings of GluN1-1a/GluN2D were conducted at 1 mM L-glutamate and 0.05 mM glycine at pH 8.0. Data
are reported as mean ± s.e.m. and are given to two significant figures. Contiguous open periods of differing unitary currents were combined into a
single opening. Data were analyzed for statistical significance by Mann–Whitney test (open time) or unpaired two-tailed t-test, as appropriate. The
analysis for the full recordings excluded the high gating mode. N is the total number of full recordings or number of high gating mode bursts
analyzed; data are from 6 outside-out patches.

*
p < 0.05 when compared to the corresponding value for the full GluN1-1a/GluN2D single channel recording.
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