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NMDA receptors are highly expressed in the CNS and are involved in excitatory synaptic transmission, as well as synaptic plasticity. Given
that overstimulation of NMDA receptors can cause cell death, it is not surprising that these channels are under tight control by a series of
inhibitory extracellular ions, including zinc, magnesium, and H �. We studied the inhibition by extracellular protons of recombinant
NMDA receptor NR1/NR2B single-channel and macroscopic responses in transiently transfected human embryonic kidney HEK 293 cells
using patch-clamp techniques. We report that proton inhibition proceeds identically in the absence or presence of agonist, which rules
out the possibility that protonation inhibits receptors by altering coagonist binding. The response of macroscopic currents in excised
patches to rapid jumps in pH was used to estimate the microscopic association and dissociation rates for protons, which were 1.4 � 10 9

M
�1 sec �1 and 110 –196 sec �1, respectively (Kd corresponds to pH 7.2). Protons reduce the open probability without altering the time

course of desensitization or deactivation. Protons appear to slow at least one time constant describing the intra-activation shut-time
histogram and modestly reduce channel open time, which we interpret to reflect a reduction in the overall channel activation rate and
possible proton-induced termination of openings. This is consistent with a modest proton-dependent slowing of the macroscopic re-
sponse rise time. From these data, we propose a physical model of proton inhibition that can describe macroscopic and single-channel
properties of NMDA receptor function over a range of pH values.
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Introduction
The most abundant excitatory amino acid in the vertebrate CNS
is L-glutamate. Glutamate is involved in normal as well as patho-
logical brain function and plays a key role in fast synaptic trans-
mission. Glutamate binds to ionotropic glutamate receptors
(GluRs), which can be divided into three classes according to
their pharmacology, molecular structure, and biophysical prop-
erties: AMPA, kainate, and NMDA receptors (McBain and
Mayer, 1994; Dingledine et al., 1999; Erreger et al., 2004). Over-
stimulation of NMDA receptors by the extracellular glutamate
that accumulates under ischemic conditions (such as during
stroke) can lead to cytotoxic levels of Ca 2� and other divalent
ions within neurons. In addition, overactivation of NMDA re-
ceptors has been suggested to participate in the initiation and
maintenance of seizures. Together, the involvement of glutamate
receptors in these conditions makes this receptor class a potential
therapeutic target for treatment of stroke and epilepsy (Kohl and
Dannhardt, 2001; Danysz and Parsons, 2002; Kemp and McKer-

nan 2002). Perhaps to offset these potentially harmful actions of
NMDA receptor overactivation, these channels are under tight
negative regulation by the endogenous extracellular ions Zn 2�

and Mg 2�, as well as physiological concentrations of H�.
NMDA receptors expressed by forebrain and cerebellar neu-

rons are inhibited by protons with an IC50 value in the range of
pH 6.9 –7.3 [50 –126 nM H� (Giffard et al., 1990; Tang et al.,
1990; Traynelis and Cull-Candy, 1990; 1991; Vyklicky et al.,
1990)]. Interstitial pH undergoes multiphasic changes during
normal synaptic transmission and much larger changes during
seizure activity and ischemia, during which pH levels can fall by
0.2– 0.6 pH units (Siesjo, 1985; Balestrino and Somjen, 1988;
Nedergaard et al., 1991; Chesler and Kaila, 1992). Because neu-
ronal injury during both seizure and ischemia is associated with
glutamate release (Hirano et al., 2003) and NMDA receptor acti-
vation, mild acidification of the extracellular space in the penum-
bra might be expected to limit the extent of glutamate-induced
neurotoxicity, although acidification in the infarct core can be
harmful. In support of this hypothesis, decreasing extracellular
pH to a level observed during ischemia reduces the contribution
of NMDA receptors to neuronal death in cortical cultures
(Giffard et al., 1990; Kaku et al., 1993) and can increase seizure
threshold in vivo (Balestrino and Somjen, 1988).

Allosteric regulators such as polyamines acting at NR1/NR2B
NMDA receptors (Traynelis et al., 1995), ifenprodil acting at
NR1/NR2B (Mott et al., 1998), and zinc acting at NR1/NR2A
(Choi and Lipton, 1999; Low et al., 2000; Paoletti et al., 2000,
Traynelis et al., 1998) have been proposed to exert their actions
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through modification of tonic inhibition by physiological pH.
Thus, proton-sensitive gating could be a downstream feature of
receptor activation that is regulated by exogenous molecules and
therapeutic agents. In this report, we explore the effects of pro-
tons on channel activation. All of our results support the working
hypothesis that protonation of key residue(s) increases the pro-
portion of receptors that enter a nonconducting mode that re-
tains the ability to bind coagonists and desensitize with rates
similar to unprotonated receptors.

Materials and Methods
Tissue culture. Human embryonic kidney (HEK) 293 cells were main-
tained as described previously (Banke and Traynelis, 2003) and plated
onto 12 mm glass coverslips that were coated with poly-D-lysine (5–10
�g/ml). cDNAs encoding NR1–1a (hereafter NR1; GenBank accession
number U08621) and NR2B (GenBank accession number U11419) in
pcIneo and pcDNA1/amp, respectively (provided by Dr. S. Heinemann,
Salk Institute, CA), were transiently transfected into cells using the Ca-
phosphate precipitation method (Chen and Okayama, 1987). The ratio
of cDNAs encoding NR1/NR2/GFP for experiments with one channel
patch was 1:2:12, with a final NR1 cDNA concentration of 0.08 �g/ml. To
obtain larger macroscopic currents, we used a transfection ratio of 1:1:1.5
for NR1/NR2B/GFP and a final concentration of 0.5 �g/ml NR1 cDNA.
Cells remained in the transfection solutions for 2–5 hr for single-channel
patch experiments and 6 – 8 hr for macroscopic experiments, after which
the media was replaced and supplemented with 2–3 mM Mg 2� and 200
�M APV.

Electrophysiology. Recordings were typically made over 24 hr after
transfection. Glutamate was applied using a piezoelectric translator
(Burleigh Instruments, Fishers, NY) to move a double-barreled flow pipe
constructed from theta tubing (Hilgenberg, Malsfeld, Germany) or a
triple barrel square flow pipe (product #3SG700-5; Warner Instruments,
Hamden, CT). At the end of recording, the patch was destroyed, and
open-tip junction potentials were used to determine the duration and
time course of agonist application; junction potentials typically had
10 –90 rise times of 0.3– 0.7 msec. External recording solution for all
experiments was composed of the following (in mM): 150 NaCl, 10
HEPES, 3 KCl, 0.7 CaCl2, and 0.2 EDTA, pH 7.4 (NaOH) (310 –330
mOsm, 23°C). The reduction of free extracellular Ca 2� to 0.5 mM re-
duced the frequency of subconductance levels (Premkumar et al., 1997;
Banke and Traynelis, 2003); EDTA was added to remove contaminant
divalent cations. All experiments were performed at 23°C. The internal
solution was composed of the following (in mM): 110 gluconic acid, 30
CsCl, 4 NaCl, 5 HEPES, 5 BAPTA, 0.5 CaCl2, and 2 MgCl2, pH
7.3(CsOH) (290 –300 mOsm). All solutions contained a maximal con-
centration of glycine (20 �M or �50 � EC50) unless stated otherwise. For
single-channel recording, thick-walled borosilicate glass (1.5 mm outer
diameter; 0.85 mm inner diameter; Warner Instruments) was fire pol-
ished to a resistance of 6 –9 M�, and Sylgard (Dow Corning, Midland,
MI) was applied to the pipette tip.

Data analysis. Single-channel and macroscopic data were digitized at
13– 40 kHz using Clampex version 8.0 (Axon Instruments, Union City,
CA) after filtering at 5 kHz (eight-pole Bessel, �3 dB; Frequency Devices,
Haverhill, MA). Data for some experiments were first stored on DAT
tape (Sony, Tokyo, Japan) at 48 kHz. Single-channel records were ana-
lyzed using the Viterbi algorithm in QUB Software (www.qub.buffa-
lo.edu) and time course fitting in SCAN (provided by Dr. Colquhoun,
University College London, UK; http://www.ucl.ac.uk/pharmacology/
dcpr95.html); both analyses gave identical results. Open- and closed-
duration histograms were fitted with multiple-exponential components
in ChanneLab using maximum likelihood method (Colquhoun and Sig-
worth, 1995). For single-channel patches stimulated with a brief pulse of
glutamate, fitting of the sequence of open and closed durations was per-
formed (first to last open time) on records pooled from five to six exper-
iments, with initial occupancy set to be in the open state. For single-
channel patches in the continuous presence of glutamate, fitting of the
sequence of open and closed durations was performed (first to last open
time) on records pooled from four to eight patches. Tcrit was used to

identify individual receptor activations and was defined as being longer
than the fifth shut-time distribution component (�2 sec); all shut times
longer than 2 sec were omitted. Fitting of macroscopic response time
course was performed with ChanneLab (Synaptosoft, Decatur, GA) or
Clampfit (Axon Instruments). Deconvolution analysis was performed in
custom software (NPM, written by S.F.T.) by first creating an impulse
response function and filtering at 0.6 kHz (� of 0.4 msec). The data were
deconvolved with this filtered impulse function to determine the effect of
the solution exchange on the response time course during changes in
proton concentration. Relaxations with � values of 2, 6, or 10 msec were,
respectively, slowed by 30, 22, and 12%; appropriate corrections were
applied to the data in Figure 4. For each patch, an average file was made
from 5–10 sweeps, and the rising phase was analyzed. Proton concentra-
tion was calculated using an activity coefficient of 0.8.

Results
Activation, deactivation, and desensitization of
NMDA receptors
Extracellular protons inhibit neuronal NMDA receptors (Traynelis
and Cull-Candy, 1990, 1991; Tang et al., 1990; Vyklicky et al., 1990;
Yoneda et al., 1994) with an IC50 value in the physiological pH range;
inhibition is complete at high concentrations (e.g., 1 �M) of pro-
tons. To explore the mechanism of proton inhibition, we studied
recombinant NR1/NR2B receptors in excised membrane
patches. To evaluate the effects of proton inhibition of NMDA
receptors on the time course of the macroscopic response,
outside-out patches containing multiple channels were pulled
from HEK 293 cells expressing rat NR1/NR2B receptors and
stimulated with a brief synaptic-like (1– 4 msec) pulse of 1 mM

glutamate at three different pH values (6.9, 7.4, and 7.9); saturat-
ing glycine (20 �M) was always present unless stated otherwise.
The time course of the deactivation could best be described by a
dual-exponential function (Fig. 1A), with time constants for
�FAST between 93 and 102 msec and for �SLOW between 569 and
595 msec over three different pH values (pH 6.9, 7.4, and 7.9)
(Fig. 1B). Neither the time constants describing deactivation nor
the relative amplitudes of each component were significantly dif-
ferent at any of the pH values tested. These data suggest that the
decay time course for NMDA receptor-mediated EPSCs will be
pH insensitive.

We additionally evaluated whether the onset or recovery from
desensitization was sensitive to extracellular pH. To measure the
onset of desensitization, we analyzed the decay time course of
NMDA receptor responses in outside-out patches during stimu-
lation with a long (3 sec) pulse of 1 mM glutamate at three differ-
ent pH values. The decay time course could be best fit by a dual-
exponential function with �FAST between 95 and 129 msec and
�SLOW between 549 and 711 msec (Fig. 1C). No significant differ-
ences in the desensitization time course were found for any of the
conditions tested. As shown previously by Lester and Jahr (1992),
even a brief pulse of glutamate can induce some degree of desen-
sitization (Fig. 1D). We therefore monitored recovery from this
state using a double-pulse paradigm, as shown in Figure 1D.
Similar time constants described recovery from desensitization
when patches were challenged by a brief pulse of high concentra-
tion of glutamate at pH 6.9, 7.4, or 7.9 (Fig. 1D). These data
suggest that protons do not mediate their inhibitory actions
through alterations in the onset or recovery from desensitization.

We proposed previously that NMDA receptor activation re-
quires two conformational changes that precede pore dilation
and that these changes also influence the rise time of the response
(Banke and Traynelis, 2003). We therefore measured the rate of
rise as a function of pH. Multiple responses to a brief pulse of a
maximal concentration of glutamate applied to the patch at dif-
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ferent pH values were averaged, and the
10 –90% rise time was determined (Fig.
2A,B). The rise time was significantly
slowed at pH 6.9 –150 � 9% (n � 8; p �
0.02; paired t test) of that observed at pH
7.4; rise times were not significantly differ-
ent at pH 7.9 versus pH 7.4. We subse-
quently fitted the rising phase to an expo-
nential function to obtain an estimate of
the macroscopic activation rate. The mean
time constant describing the rising phase
of responses recorded at pH 6.9 was signif-
icantly slower than those determined at
pH 7.4 and 7.9 ( p 	 0.018; ANOVA;
Tukey’s test). Activation rates, calculated
as the reciprocal of the time constant, were
130 sec�1 at pH 7.9 and 59 sec�1 at pH 6.9.
Consistent with these data, the mean first
latency determined in patches that con-
tained only a single active channel (see be-
low) was also significantly lengthened
from 25.0 � 5.5 msec at pH 7.9 (n � 305
activations) to 35.4 � 2.9 msec at pH 6.9
(n � 370; p 	 0.04; t test) (Fig. 2C).

Protonation does not block glutamate
and glycine binding
Previous reports suggest that protons do
not shift the EC50 value for glutamate acti-
vation of NMDA receptors; a modest shift
(less than twofold) in the glycine EC50 re-
ported previously is insufficient to account
for the inhibitory actions of protons (Tang
et al., 1990; Traynelis and Cull-Candy,
1990,1991). These data suggest that proto-
nation of the NMDA receptor is unlikely to alter microscopic
binding rates for glutamate and has only minor effects on glycine
binding. However, these experiments cannot rule out the possi-
bility that protons titrate receptors such that they simply do not
bind either coagonist once protonated. To directly test whether
proton inhibition involves inactivation of either glutamate or
glycine binding sites, we recorded from HEK 293 cells expressing
NR1/NR2B receptors in the whole-cell configuration while rap-
idly changing the solution from one with saturating concentra-
tion of glutamate (100 �M) plus glycine (20 �M) into solutions
with only glycine. In doing this, we found that alkaline shift in pH
still produced a rapid increase in current even in the absence of
glutamate, suggesting that recovery from proton inhibition does
not involve glutamate binding. Likewise, acidification after glu-
tamate removal rapidly inhibits the receptor in the absence of
glutamate, suggesting that proton inhibition does not reflect
blockade of glutamate binding (Fig. 3A). The reverse experiment,
jumping from solution with glycine plus glutamate into a solu-
tion with only glutamate (Fig. 3B), gave quantitatively similar
results. Figure 3C shows a whole-cell recording in which gluta-
mate and glycine are both present at pH 7.9, and the extracellular
pH is altered in the continuous presence of these coagonists. The
NMDA receptor concentration–response curve for pH inhibi-
tion was identical under all three conditions (Fig. 3E), with an
IC50 corresponding to pH 7.1 in the presence of both coagonists
and pH 6.9 –7.1 in the presence of either coagonist. These data
suggest that proton inhibition does not reflect a blockade of ei-
ther glutamate or glycine binding. These experiments are also

Figure 1. Proton inhibition of NR1/NR2B does not reflect enhanced desensitization or deactivation. A, An outside-out patch
from HEK 293 cells expressing NR1/NR2B channels were stimulated with a 1– 4 msec pulse of 1 mM glutamate (top trace). The
average response from 10 trials for a patch that contained multiple channels is shown. The decay phase of the average of 5–10
sweeps was fitted with a two-component exponential equation (solid line in inset): amplitude � AFAST exp(�time/�FAST ) �
ASLOW exp(�time/�SLOW ) � offset. B, C, � values (mean � SEM) and respective relative amplitudes for deactivation and
desensitization are shown as a function of pH. No significant differences were observed for either deactivation or desen-
sitization parameters (ANOVA). D, Multi-channel patches were stimulated with a double-pulse protocol at three different
pH values (triangles, pH 7.9; circles, pH 7.4; squares, pH 6.9). The average ratio of amplitudes across all patches was fitted
by a single-exponential component Peak2 /Peak1 � {1 � ARECOV exp(�time/�RECOV )}. �RECOV for pH 6.9, 7.4, and 7.9 was
1.9, 1.6, and 1.6 sec, respectively. The inset shows average of 10 responses recorded with a 1.9 sec interstimulus interval
from one patch.

Figure 2. NR1/NR2B response rise time is pH dependent. A, The average NR1/NR2B response
from a patch that was stimulated with a 1– 4 msec pulse of 1 mM glutamate at pH 6.9 and 7.9.
The rising phase of the average of responses is shown on an expanded scale below. B, The
average rise time significantly varied as a function of pH ( p	0.02; paired t test between pH 7.4
and 6.9). Five to 10 sweeps were averaged from each of six to eight patches. The average time
constant describing an exponential equation fitted to the rising phase was also significantly
slowed at pH 6.9 compared with pH 7.4 and 7.9 (ANOVA; Tukey’s test; p 	 0.018). C, The
first-latency histogram from patches that contained a single active channel revealed that the
slowing of the rise time at pH 6.9 in part reflects a delay in channel opening.
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consistent with the idea that proton inhi-
bition of whole-cell NMDA receptor re-
sponses does not reflect acceleration of li-
gand unbinding. These data are in
agreement with previous data from
Yoneda et al. (1994) that suggest that glu-
tamate and glycine binding is pH indepen-
dent over a range of pH 6 –9.

Interestingly, the deactivation time
course was modestly but significantly ac-
celerated when glycine was removed and
pH was raised (Fig. 3D). Although deacti-
vation time course is complex, one poten-
tial explanation could be a modest increase
in the dissociation rate for glycine at alka-
line pH, which might reflect a slightly
lower affinity for glycine when pH is
raised. However, such a hypothetical
change in glycine affinity cannot explain
the effects of proton inhibition of NMDA
receptor function in the presence of satu-
rating glycine and is opposite to the previ-
ously reported proton-induced decrease
in glycine EC50. (Tang et al., 1990; Trayne-
lis and Cull-Candy, 1991).

Proton association rate
Small organic molecules diffuse in aque-
ous solution by obeying Stokes relation
and Fick’s law as they physically move be-
tween two points. In contrast, aqueous
proton diffusion can be much faster be-
cause protons effectively jump from one
water molecule to another through rear-
rangement of hydrogen bonded networks,
rendering proton translocation partly
chemical diffusion after a hop and turn
Grotthus relay mechanism (Agmon,
1995). Proton wires in gramicidin pore
(Akeson and Deamer, 1991; Sagnella et al.,
1996; Pomes and Roux, 2002; Pomes and
Yu, 2003), as well as bacteriorhodopsin (le
Coutre and Gerwert, 1996; Sansom, 1998;
Luecke and Lanyi, 2003), have served as
important models for the study of proton–
water interactions within proteins. These
and other studies suggest that diffusion-
limited proton association rates with ion-
izable groups within proteins are typically
one to four orders of magnitude higher
than diffusion-limited association of small
molecules, such as neurotransmitters,
with their respective binding proteins
(Davies et al., 1988; Prod’hom et al., 1987;
Kasianowicz and Bezrukov, 1995; Lu and
MacKinnon, 1995). To evaluate the proton
association rate for NR1/NR2B, outside-out
patches expressing NR1/NR2B receptors
were lifted into the agonist stream at pH 6.9,
and the solution was rapidly changed to a
more alkaline pH in the continued presence
of agonist. The resulting change in current
was fitted with an exponential function to

Figure 4. Proton binding to NR1/NR2B is fast. A, B, Macroscopic current response in outside-out patches that were slowly lifted
into the solution stream (1 mM glutamate and 20 �M glycine, pH 6.9) and then rapidly moved into solution with different pH. The
rising and falling phase of the current response after rapid pH jumps were each fitted to a monoexponential function. �on and �off

for solution exchange junction potential determined after each experiment were on average 0.4 msec. C, �off is independent of pH.
D, The reciprocal of the mean �on is plotted as a function of proton concentration (calculated using an activity coefficient of 0.8).
The data were fitted with the following linear equation: 1/�on � kon [H �] � koff. Fitted values for kon and koff were 1.42 � 10 9

M
�1 sec �1 and 110 sec �1, which give a Kd value of 77 nM, corresponding to pH 7.2.

Figure 3. Proton inhibition of NR1/NR2B does not reflect block of ligand binding. A, Whole-cell current responses of HEK 293
cells expressing NR1/NR2B are shown in response to application of 100 �M glutamate (bar); 20 �M glycine was present in all
solutions. During the current relaxation after glutamate removal, the extracellular solution was rapidly switched to one of iden-
tical composition, except that pH was either 7.9 or 6.9. A rapid increase or decrease in current amplitude was observed when pH
was changed to pH 7.9 or 6.9, respectively. B, Similar results were obtained when cells were bathed in the continuous presence of
100 �M glutamate and NR1/NR2B responses were stimulated by application of 20 �M glycine. During the current relax-
ation after glycine removal, fast solution exchange was performed into pH 7.9 and 6.9. C, The NR1/NR2B whole-cell current
response is shown for changes in extracellular pH during coapplication of glutamate and glycine. For all experiments,
holding potential was �60 mV. D, The decay phase after 
pH from traces shown in A and B were fitted by a single-
exponential function. Mean � values are shown. E, Composite concentration–response curves are shown for the effects of
pH on current amplitude for each of the three different experimental protocols. IC50 values ranged between pH 6.9 and 7.1;
the Hill slope ranged between 0.8 and 1.0.
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measure �on and �off (Fig. 4A,B). The measured open-tip junction
potential for our system had much faster �on and �off (average, 0.4 �
0.03 msec; n � 5) than the NMDA receptor-mediated current. Table
1 summarizes the time constants describing the response of the av-
erage composite current waveform to changes from pH 7.9 into and
out of pH 6.4, 6.9, or 7.4. As expected, �on was dependent on proton
concentration (Fig. 4D), whereas �off was pH independent (Fig. 4C).
The unidirectional rate constants kon and koff for proton binding can
be estimated from the relationship between proton concentration
and �on if a single binding site is assumed to exist for protons (Fig.
4D). We estimate kon and koff to be 1.42 � 109

M
�1 sec�1 and 110

sec�1, respectively (Fig. 4D). The dissociation rate koff can be directly
estimated from the reciprocal of experimental values of �off and was
196 sec�1 by this method. These rates give a Kd value of 77–138 nM

corresponding to pH 7.0–7.2, which is virtually identical to the ex-
perimental IC50 values (pH 6.9–7.1) (Fig. 3E). Association rates de-
rived from macroscopic currents represent a lower limit of the speed
at which protons associate and dissociate, because the rate constants
we estimated describe only the change in current. These rates do not
take into account, for example, any channel-associated delay in re-
opening or closing after a pH jump. Thus, the actual microscopic
proton association and dissociation rates are likely to be somewhat
faster.

Proton-induced changes in single-channel properties
Changes in the extracellular H� concentration alter neuronal
NMDA channel opening frequency without changing unitary
conductance or the open-channel dwell times (Tang et al., 1990,
Traynelis and Cull-Candy, 1991). One interpretation of these
data are that the proton block of NMDA receptors reflects a
change in the opening rate and thus a change in open probability
(Po). To directly measure Po, we recorded the response to brief
application of a saturating concentration (1 mM) of glutamate
and counted in each sweep the maximum number of channels
that were simultaneously open at different pH values (Fig. 5A,B).
For each patch with only one apparent active channel, the frac-
tion of records with any openings in response to 1– 8 msec appli-
cation of 1 mM glutamate was determined; we only included
patches with at least 20 sweeps (average of 90 per patch). If we
assume that NR1/NR2B receptors always bind glutamate under
these conditions, then this value corresponds to the probability
that an agonist-bound receptor will open at least once before the
receptor desensitizes or agonist unbinds, which we refer to as
Po(burst). The probability that agonist binding will trigger a burst
of openings was 0.43 � 0.03 (pH 6.9; n � 12), 0.54 � 0.05 (pH
7.4; n � 10), and 0.71 � 0.08 (pH 7.9; n � 5) (Fig. 5C). We also
calculated the open probability at the peak of the response, or
Po(peak), by averaging all records from each patch and then divid-
ing the mean peak current by the unitary current amplitude
(VHOLD, �100 mV) (Fig. 5C). Po(peak) was 0.11 � 0.02 (pH 6.9;
n � 11), 0.18 � 0.01 (pH 7.4; n � 8), and 0.24 � 0.02 (pH 7.9; n �
8). These data fit well with previous estimates of NR1/NR2B open
probability at pH 7.4 [Po(peak) � 0.17; Po(burst) � 0.47 (Banke and
Traynelis, 2003)]. Moreover, the homogenous open probability

among patches and twofold increase in peak open probability in
patches with two active channels (n � 6; data not shown) were
consistent with our interpretation that we can identify patches
that contain only one active channel. In addition, Po(peak) at pH
6.9 is close to 50% of the maximum value at pH 7.9, in agreement
with concentration–response measurements in patches from
HEK 293 cells that predict slightly �50% inhibition (Fig. 3E).
Finally, single-channel conductance for NR1/NR2B did not
change significantly over the pH range tested (Fig. 5C). More-
over, the degree of proton inhibition of steady-state whole-cell
responses at pH 6.4 was identical at �50 and �50 mV (n � 5;
data not shown).

Our recordings of experimentally defined activations from

Table 1. pH-induced current relaxations for NR1/NR2B receptors

Jumps from pH 7.9 to �on (msec) �off (msec) n

pH 6.4 1.6 � 0.2 5.2 � 1.2 5
pH 6.9 3.4 � 0.6 4.8 � 0.6 12
pH 7.4 7.1 � 0.7 5.3 � 1.3 4

Extracellular pH was changed during the steady-state response to saturating concentrations of agonists with a rapid
application system in outside-out patches from HEK 293 cells expressing NR1/NR2B receptors. Mean � SEM; n
indicates the number of patches.

Figure 5. Proton binding decreases NR1/NR2B open probability. A, B, Patches were pulled
from HEK 293 cells expressing NR1/NR2B and stimulated with a brief (1– 4 msec) 1 mM gluta-
mate pulse (top) at pH 7.9, 7.4, and 6.9, as indicated. All responses in A and B are from the same
patch, which contained only a single active channel. Responses in B are shown on an expanded
time scale. C, Peak open probability, Po(peak), was calculated at each pH by averaging all traces
and then dividing by the measured unitary current amplitude (VHOLD , �100 mV). Probability
that agonist binding induces a burst, Po(burst), was defined as the proportion of binding events
that lead to at least one channel activation and similarly varied with pH. Only patches with one
active channel were analyzed; a subset (n � 6) of the patches at pH 7.4 (n � 10) were also
described by Banke and Traynelis, 2003. D, Top, The same conductance level was observed at
the three pH values tested under our recording conditions (see Materials and Methods). The
results are shown for the patch in A as an all-points histogram. The average chord conductance
at �100 mV was 68 � 4.1 pS (pH 6.9), 72 � 5.2 pS (pH 7.4), and 75 � 5.8 pS (pH 7.9; n �
4 –5; p�0.640; ANOVA). Bottom, Open-time histograms for the patch in A [square root of the
probability density function, or Sqrt(PDF)] from brief concentration jump experiments at pH 7.9
(809 events) and 6.9 (759 events) are superimposed. Fitted time constants for this histogram
were �fast 77, 81 �sec (area 34, 26%) and �slow 2.9, 3.3 msec for pH 6.9 and 7.9, respectively.
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individual NR1/NR2B receptors allow an unambiguous defini-
tion of intraburst open and closed lifetimes for a fully liganded
receptor. Most patches were recorded under at least two different
pH values, one of which was always pH 7.4. Idealized openings
from single-channel patches were pooled, and the open and shut-
time distribution were best fitted with the sum of two and five
exponential components, respectively (see Materials and Meth-
ods). In a subset of responses recorded in one channel patch in
response to brief application of glutamate at three different pH
values, we detected a modest 29% decrease in mean open time at
pH 6.9 compared with 7.9 (ANOVA; Tukey’s post hoc test) (Table
2). We could not detect any significant change in mean open time
from a different set of channels in multiple patches recorded in
response to continuous application of agonist at different pH
values, perhaps attributable to the small effect and patch-to-
patch variability. These data suggest that protons may modestly
decrease the response of the macroscopic current in part through
reduction in open time.

Shut-time histograms were best fit by the sum of five expo-
nential components. We proposed previously (Banke and
Traynelis, 2003) that the slowest component of the shut-time
histogram (�1000 msec) represents the recovery of receptors
from a desensitized state, whereas a very fast flicker (�1 	 0.1
msec) may reflect pore dilation or a brief-lived blocked state
(Kleckner and Pallotta, 1995; Popescu and Auerbach, 2003;
Banke and Traynelis, 2003). Neither of these components ap-

peared sensitive to extracellular protons
(Fig. 6A, Table 3). Two closed-time com-
ponents (�2 �1 and �3 �10 msec) were
suggested previously to primarily reflect
two kinetically distinct conformational
changes that precede gating, one of which
is sensitive to glycine partial agonists,
whereas the other is sensitive to glutamate
partial agonists (Banke and Traynelis,
2003). Slowing either of these pregating
steps will reduce the macroscopic current.
We found that only the third shut-time
component (�3) appears to be slowed from
7.3 to 14 msec (192% change) when the
channels have been challenged by a brief
pulse of glutamate and glycine at pH 7.9
versus pH 6.9 (Fig. 6A, Table 3). The sec-
ond time constant (�2) was insensitive to
protons.

One limitation with the approach used
here is the difficulty in obtaining patches
with only a single active channel present
when stimulated for brief duration with
saturating concentration of both gluta-
mate and glycine (Gibb, 2004). In addi-
tion, we digitized a long enough period
(8 –13 sec) to allow for recovery from de-
sensitization, which further reduces the
total number of events that can be ob-
tained to less than five activations per
minute of recording. Because NR1/NR2B
channels only open half of the time that
they bind agonist (Banke and Traynelis,
2003), we could record at most two to
three activations per minute. To confirm
the effects of protons on single-channel
gating, we also analyzed single apparent

activations in response to continuous application of saturating
concentrations of agonists in patches that contained at most one
to two channels (Table 3). This recording paradigm allows us to
obtain more open and closed transitions per patch. However,
the presence of multiple channels in the patch restricts our
interpretation to the three fastest shut-time components that
are unambiguously within activations. Because glutamate and
glycine are continuously present, the channels spend more
time in desensitized states, which can be used to separate ac-
tivations. The three fastest fitted time constants were virtually
identical between patches exposed to brief and continuous
glutamate and glycine (Table 3). �3 describing shut-time his-
tograms for responses to continuous agonist application was
slowed from 8.7 msec at pH 7.9 to 15.6 msec at pH 6.4 (179%
change).

Mechanism of proton block of NR1/NR2B receptors
How can we reconcile these data with a physical model of recep-
tor function that includes explicit protonated conformations? A
key feature of our data is the lack of effect of protons on the
macroscopic time course of the current despite the strong and
ultimately complete inhibition of receptor function by protons.
Furthermore, we showed that protons do not block glutamate or
glycine binding. Our data suggest that, even when receptors are
protonated, they continue to bind and release agonists, as well as
desensitize and recover from desensitization with similar rate

Table 2. Open-time parameters for NR1/NR2B channels activated by glutamate

pH
Mean open-time (msec)
brief application

Mean open-time (msec)
continuous application

�1 (msec) continuous
application

Area 1 (%) continuous
application

�2 (msec) continuous
application

6.4 2.96 � 0.32 0.07 28 2.9
6.9 2.5 � 0.23 2.82 � 0.32 0.07 36 3.2
7.4 3.3 � 0.17* 3.28 � 0.38 0.07 40 3.4
7.9 3.5 � 0.28* 3.48 � 0.51 0.07 45 3.9

Five outside-out patches expressing one detectable NR1/NR2B receptor were stimulated with 1– 4 msec pulses (13– 40 kHz, 5 kHz, �3 dB filter) of 1 mM

glutamate. Data were obtained in each patch at three different pH values (6.9, 7.4, and 7.9). Total number of openings was 1060, 4125, and 1606 at pH 6.9,
7.4, and 7.9, respectively. Responses from a different set of five to eight patches with one to two active channels were also recorded in response to continuous
application of glutamate (20 – 40 kHz, 5 kHz filter, �3 dB). A resolution of 100 �sec was imposed on the data. Composite histograms for channel response
to continuous application of agonist comprised 2274, 3093, 6495, and 2940 events for pH values of 6.4, 6.9, 7.4, and 7.9, respectively.

*p 	 0.02, significantly different from values at pH 6.9 (ANOVA; Tukey’s post hoc test).

Figure 6. Protonation of NR1/NR2B channels alters the shut-time histogram. A, Outside-out patches containing NR1/NR2B
receptor channels were stimulated with brief 1– 8 msec pulses (patches contained 1 active channel) of 1 mM glutamate at pH 6.9
and 7.9; glycine at 20 �M was present in all solutions. Composite shut-time distributions [square root of the probability density
function, or Sqrt(PDF)] from 10 (pH 6.9) and 5 (pH 7.9) patches in response to rapid glutamate application were fitted with five
exponential components (for values, see Table 3). B, Glutamate at 1 mM (20 �M glycine) was continuously applied to patches that
contained one to two active channels at pH 6.9 and 7.9. Composite shut-time distributions from 10 (pH 6.9) and 6 (pH 7.9) patches
in response to rapid application were fitted with five exponential components (for values, see Table 3). The longest shut-time
components, which contain closed periods during which receptors in desensitized state(s) as well as periods intervening between
opening of two independent channels, are not shown. Arrows illustrate pH-dependent changes in the intermediate �3. A resolu-
tion of 100 �sec was imposed on the data, which was digitized at 13– 40 kHz (5 kHz filter, �3 dB).
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constants. We propose that once protons
dissociate, the receptor continues its al-
ready in-progress normal response time
course. We hypothesize that protonated
receptors only differ from unprotonated
receptors in that they cannot open. Similar
arguments have been proposed for selec-
tive proton effects on a single unidirec-
tional rate constant for mechanosensitive
channels (Guharay and Sachs, 1985). This
proposed effect of protons on the opening
rate is consistent with previous sugges-
tions that protons act in the linker region
(Low et al., 2003) proposed to couple the
effects of agonist binding to the S1S2 do-
main to the transmembrane pore-forming
elements that perform gating (Jones et al.,
2002; Sobolevsky et al., 2002). Figure 7 il-
lustrates a set of physical models of NMDA
receptor gating in which the receptor can
bind a proton anywhere along the reaction
pathway, except during pregating steps re-
quired for activation. Multiple closed and
protonated conformations exist because
the proton site is independent of gluta-
mate binding and desensitization.

We subsequently evaluated this con-
ceptual model, with the goal not being the
identification of the optimal set of rate
constants that perfectly reproduce the
data. Rather, we used this model to ask
several conceptual questions about how
proton binding might cause inhibition of
receptor function. We assume the under-
lying model for channel activation in the
absence of protons, adapted from Banke
and Traynelis (2003) and Popescu and
Auerbach (2003), to be a reasonable first
pass approximation of channel function (Gibb, 2004). We omit-
ted any partially protonated states that might occur if the proton
sensor exists on multiple subunits and might have intermediate
properties, although we cannot rule out this possibility. We also
show for simplicity only a single open state rather than multiple
open states (Table 2) (Popescu and Auerbach, 2003) and have
neglected to show protonation of the open state. This model does
not include short-lived shut states and thus cannot reproduce the
fastest component of the shut-time distribution.

To evaluate how protons alter gating, we evaluated how well
each of the three schemes could predict the sequence of openings
and closings in response to brief agonist application at three dif-

ferent pH values (n � 6 –11 patches). The schemes differ only in
the extent to which they allow protonated receptors to undergo
what we hypothesize to be conformational changes that are re-
quired for gating. Experimentally defined channel activations in
response to brief agonist application to patches with a single ac-
tive channel were analyzed starting and ending in the first and last
opening to remove agonist binding steps. Each model was simul-
taneously fitted to the sequence of openings and closings for all
patches at all pH values using maximum likelihood methods
(QUB software). Scheme II was superior in terms of the maxi-
mum likelihood value (Figs. 7C, 8A), with the log likelihood
being 12–19 units higher than other schemes. We subsequently

Table 3. Shut-time parameters for NR1/NR2B channels activated by glutamate

Glutamate application pH 6.4 (msec) Area (%) pH 6.9 (msec) Area (%) pH 7.4 (msec) Area (%) pH 7.9 (msec) Area (%)

�1 1– 8 msec 0.07 48 0.07 35 0.07 24
�2 1– 8 msec 0.89 32 0.75 36 0.76 42
�3 1– 8 msec 14.0 11 8.8 24 7.3 24
�4 1– 8 msec 136 3 100 3 113 5
�5 1– 8 msec 1467 6 2023 2 1588 5
�1 Continuous 0.07 35 0.07 32 0.07 45 0.07 44
�2 Continuous 0.76 35 0.74 28 0.73 22 0.73 15
�3 Continuous 15.6 9 12.3 17 8.9 14 8.7 16

Composite shut-time histograms from 6 –12 patches were fitted with the sum of multiple-exponential functions. �3 values are shown in bold. Composite histograms comprised 1072, 3633, and 1478 events in pH 6.9, 7.4, and 7.9 for brief
agonist application and 1969, 2774, 5950, and 2708 events (4 patches) in pH 6.4, 6.9, 7.4, and 7.9 for continuous agonist application. A resolution of 100 �sec was imposed on the data.

Figure 7. A physical model of pH inhibition of the NR1/NR2B NMDA receptor. A, Each NMDA receptor complex is assumed to
contain two NR1 and two NR2 subunits, as described by Banke and Traynelis (2003). Each subunit can independently bind either
glycine (NR1) or glutamate (NR2); only glutamate binding is shown. We assume that the glycine site is fully saturated. A model
illustrating this gating scheme contains a loop, which allows two conformational changes to proceed in any order in which RA2a
and RA2b indicates closed receptors that have undergone either the slow (NR2 subunit-dependent) or fast (NR1 subunit-
dependent) conformational change, respectively. Two desensitized states are added, as predicted by the dual-exponential time
course of current response to prolonged agonist application. B, Three different schemes are shown in which the protonated
receptor can proceed with no pregating steps (scheme I), only the fast pregating step (scheme II), or only the slow pregating step
(scheme III). All rate constants in the protonated receptor are identical to the corresponding rate constant in the unprotonated
receptor. C, Maximum likelihood fits of each model to the sequence of open and closed receptors determined at three different pH
values suggested that scheme II best describes the data. All proton association and dissociation rates throughout the model are the
same. The proton dissociation rate was fixed to be 196 sec �1, and thus all models have nine free parameters. Fitting omitted
glutamate and glycine binding steps.
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used the QUB-derived gating constants to simulate a wide range
of macroscopic parameters to evaluate model performance.
Scheme II (but not schemes I and III) was able to qualitatively
reproduce the main observations obtained for both microscopic
and macroscopic data, in particular the apparent proton-induced
slowing of �3 in the shut-time histogram (Fig. 8A), the pH-
induced slowing of the rise time (Fig. 2), the pH-dependent and
pH-independent relaxations in the presence of agonist (Fig. 4),
and the proton IC50 (pH 7.0). Because the macroscopic data we
obtained contains additional information about the proton sen-
sitivity and desensitization times, we refitted scheme II to a set of
average NR1/NR2B macroscopic responses to prolonged or
brief application of glutamate to better estimate desensitiza-
tion parameters and proton association and dissociation rates.
In scheme IIb, we held rates determined for gating, agonist
binding, and recovery from desensitization constant. Figure
8 B confirms that this model was able to qualitatively predict
the essential features of macroscopic channel activation and
desensitization (Fig. 8C).

Discussion
The experiments described here suggest that the inhibitory ac-
tions of extracellular protons at a defined NMDA receptor (NR1/
NR2B) do not occur at either glutamate or glycine binding site
(Figs. 1, 3) and do not alter deactivation, desensitization, or
single-channel conductance. We demonstrate a clear effect on
single-channel open probability (Fig. 5) with only modest proton
effects on mean channel open time (Fig. 5, Table 2). In addition,
we observe a proton-induced slowing of one component of the
shut-time histogram and of both the activation rate for macro-
scopic currents and the first latency to channel opening (Figs. 2,
6). We define the time frame under which protons act (Fig. 4) and

estimate that the macroscopically derived
proton association rate (1.42 � 10 9

M
�1

sec�1) is faster than the diffusion limit for
small molecules (�1 � 10 8

M
�1 sec�1),

consistent with proton actions in other
proteins. The proton dissociation rate
(110 –196 sec�1) suggests a mean duration
for the protonated state of 5–9 msec. We
present a simple model in which proton-
ated receptors can bind agonist but cannot
open. This model can reproduce all of our
findings and suggests that channel activa-
tion and gating are tightly coupled to the
protonation state of key residues in the
receptor.

Structural implications
Although the idea that each ionizable res-
idue within a protein constitutes a proton
binding site with rate constants defining
the pKa is a well known biochemical prin-
ciple, the location and function of residues
that create the proton sensitivity on the
NMDA receptor is not well understood.
Many features of proton-sensitive gating
appear to be conserved across GluR sub-
families (Christensen and Hida, 1990;
Traynelis and Cull-Candy, 1991; Traynelis
and Heinemann, 1995; Wu and Chris-
tensen, 1996; Mott et al., 2003; Cui and
Mayer, 2001). Mutagenesis work together
with homology modeling of the extracel-

lular domains of the NR1 subunit suggest that residues at which
substitutions strongly influence proton-sensitive gating cluster in
two regions, both of which reside close to the linker connecting
the agonist binding domain to transmembrane pore-forming el-
ements (Low et al., 2003). This region is ideally localized to influ-
ence the coupling of agonist binding to channel activation (Ko-
hda et al., 2000; Jones et al., 2002; Sobolevsky et al., 2002).
However, it remains unclear whether the structural elements
formed by this linker region comprise or contribute to the proton
sensor or whether this result instead reflects reciprocal interac-
tions between the gating machinery and a distant and as yet un-
identified proton sensor. One important possibility yet to be
raised in the literature that is consistent with the tight functional
coupling we see between protons and gating is the idea that
NMDA receptor activation involves deprotonation of a residue
that, when protonated, stabilizes the closed state.

Extensive mutagenesis throughout most of the extracellular
regions of the NR1 protein such as the agonist binding domain
and the N-terminal domain is without effect on pH-sensitive
gating (Low et al., 2003). This result is consistent with the lack of
effect of pH on experimentally determined coagonist dose–r-
esponse relationships (Tang et al., 1990; Traynelis and Cull-
Candy, 1990,1991), the current relaxation time course after ago-
nist removal (Fig. 1), and on agonist ionization (glutamate and
glycine pKa values are 2.2, 4.3, 9.7 and 2.4, 9.8, respectively).
Figure 3 further supports this idea by showing that proton sensi-
tivity is identical in the absence or presence of glutamate and
glycine, which eliminates the possibility that inhibition reflects
the inability of receptors to bind agonist while protonated. Where
is the proton sensor and what might it look like? Several clues
have emerged from work on other channels. Potassium channels

Figure 8. Fitting physical models of H � inhibition of NR1/NR2B receptors to single-channel and macroscopic data. A, Theo-
retical shut- and open-time probability density function predicted by maximum likelihood fit of scheme II to the sequence of open
and closed events for all patches at three pH values are superimposed on histograms generated from data. Arrows show shift in �3

describing the shut-time distribution. B, Schematic illustration of the connectivity of the various states in the receptor for scheme
IIb. Values to the right are rate constants obtained by least-squares fitting of the current model to a series of macroscopic
recordings obtained at pH 6.9 and 7.9 in response to maximal concentrations of glutamate applied for brief (1– 8 msec) and long
(�1 sec) duration. Five parameters (in bold) were allowed to vary. Others were set to those determined by maximum likelihood
fitting (Fig. 7, Scheme II). C, Macroscopic currents predicted from the fitted rate constants are superimposed on the data set.
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and glutamate receptors are thought to share a common trans-
membrane architecture (Wood et al., 1995; Kuner et al., 2003;
Sobolevsky et al., 2003), suggesting that the mechanism by which
protons modulate these channels could be similar. Schulte et al.
(2001) have suggested that a close interaction exists between a
proton sensor outside the pore and gating of Kir channels (Rup-
persberg, 2000). The proton inhibition of Kir1.1 is driven by
protonation of the amino group of a lysine residue in the intra-
cellular N-terminal domain (corresponds to extracellular
N-terminal domain in NMDA receptors) that lies in close prox-
imity to the first transmembrane elements. The pKa of this group
is proposed to be influenced by other positively charged residues
that are forced into proximity by tertiary structure of the
channel complex (Schulte et al., 1999). L-type Ca2� and cyclic
nucleotide-gated channels are similarly controlled by protons, and
similar mechanisms have been proposed (Root and MacKinnon,
1994; Chen et al., 1996). In each of these channels, the working
hypothesis is that the pKa of a critical residue is shifted to physio-
logical range by the repulsive forces of either ionized carboxylic acids
or amino/guanidino groups located at some distance within the
polypeptide chain but forced close together by tertiary structure,
illustrating how the proton sensor might be a multipart entity. Such
an arrangement is well poised to control conformational motions
within a large protein complex.

Mechanism of proton block of NMDA receptors
Most proton concentration–response data argue for a single ion-
izable residue whose protonation causes complete channel inhi-
bition. We therefore assume that a single proton sensor exists or
that multiple sensors with similar pKa values exist in individual
subunits or subunit dimers. This assumption allows us to esti-
mate the proton association rate (1.4 � 10 9

M
�1 sec�1), which is

�100 times faster than the glutamate association rate and similar
to that found in Kir [1.9 � 10 9

M
�1 sec�1 (Lu and MacKinnon,

1995)], strengthening the potential parallels in proton gating be-
tween these two channels. NMDA receptor proton association is
slower than that for �-toxin ion channel and proton-gated chan-
nels in chick dorsal root ganglion cells [8 � 10 9

M
�1 sec�1 (Ka-

sianowicz and Bezrukov, 1995; Davies et al., 1988)] and �100
times slower than the protonation rate for a proton-gated Na�-
permeable channel (Prod’hom et al., 1987). This could indicate
that protonation of NMDA receptors is not a first-order pro-
cess, that the proton sensor is accessible by a water wire within
the protein (Sansom, 1998; Luecke and Lanyi, 2003), or that
only certain protein conformations are available for protona-
tion (Fig. 7B).

We propose that protonation creates the possibility for hydro-
gen or ionic bonds that increase the activation energy for a con-
formational change that precedes pore dilation (Ludwig et al.,
2003). We note the energy of a single hydrogen bond (3–5 kcal/
mol) is larger than that associated with a 10-fold change in an
equilibrium constant for two states (1.4 kcal/mol). Blockade of a
single step by protonation will change the overall exit rate from
the gateway closed state and thus change its free energy. Such an
effect of protonation is conceivable if the proton sensor lies in the
linker regions that translate agonist binding to channel activa-
tion. The effects of protonation as represented in schemes II and
IIb (Figs. 7, 8) occur intuitively because protonation locks the
channel into a nonconducting mode on average for 5–9 msec
until the proton dissociates. This delay can occur from almost any
state, and, when it occurs en route to activation, it slows the
response rise time. Moreover, simulations confirm that entry
into a protonated state after channel closure can prolong the

closure, thereby adding an additional shut-time component that
appears as a slowing of �3. Thus, this transient occupancy of the
nonconducting states can account for both microscopic and
macroscopic features of proton inhibition.

Conclusions
The data presented here have led to the idea that protons selec-
tively inhibit NR1/NR2B channel opening, which fits nicely with
an increasing understanding of the proton sensor localization.
This conclusion emphasizes the tight coupling between channel
gating and the proton sensor and excludes a number of other
hypothetical mechanisms for proton inhibition. However, sev-
eral caveats remain. Although we can find no other hidden
Markov model that will reproduce all of our data, we have not
exhaustively explored all possible hypothetical actions of pro-
tons. Moreover, we oversimplified our gating scheme to repre-
sent only the main features resolved within our data and asked
only a limited set of questions through modeling. We also do not
know the molecular basis of proton binding. Despite these cave-
ats, our findings provide a straightforward and intuitive working
hypothesis about how protonation could control NMDA recep-
tor function that can be directly envisioned as a physical model.
The finding that protons appear to shift receptors to an inactive
state also carries structural implications and suggests that other
forms of allosteric modulation could proceed through creation of
briefly occupied inactive states [e.g., calcineurin effects on GluR1
(Banke et al., 2000)]. Given that a number of regulators, such as
polyamines, extracellular Zn 2�, ifenprodil, and alternative splic-
ing, all appear to alter NMDA receptor function by shifting the
pKa of the proton sensor (Traynelis et al., 1995; Mott et al., 1998;
Choi and Lipton, 1999; Low et al., 2000), our findings have wide-
spread implications for NMDA receptor function.
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