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ABSTRACT
Although the mechanisms underlying the use-dependent inhi-
bition of �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) by barbiturates are not well under-
stood, it has generally been assumed to involve open channel
block. We examined the properties of the inhibition of AMPARs
by the barbiturate pentobarbital (PB) in acutely isolated and
cultured hippocampal neurons. PB caused a use- and concen-
tration-dependent inhibition (IC50 � 20.7 �M) of AMPAR-me-
diated currents evoked by kainate. Contrary to the properties of
an open channel blocker, the inhibition by PB developed with
double exponential kinetics was reduced under conditions that
favor the open channel state of AMPARs and was independent
of membrane voltage. In addition, the inhibition was reduced at
basic pH, indicating that the uncharged form of PB is active at
AMPARs. Preventing AMPAR desensitization with cyclothiazide

reduced the potency of inhibition by PB and prevented its
trapping after the removal of agonist. PB preferentially reduced
the steady-state (IC50 � 92.8 �M), rather than peak (IC50 � 1
mM) component of responses evoked by glutamate and accel-
erated the onset of desensitization in a concentration-depen-
dent manner. Miniature excitatory postsynaptic currents re-
corded from cultured hippocampal neurons, the time course of
which is minimally influenced by desensitization, are not inhib-
ited by PB. The sensitivity of AMPAR-mediated synaptic re-
sponses to inhibition by PB therefore depends on the contri-
bution of desensitization to these events. Our results suggest
that PB does not act as an open channel blocker of AMPARs.
Rather, the sensitivity, use dependence, and trapping of inhi-
bition by PB are determined by AMPARs desensitization.

Glutamate mediates fast excitatory neurotransmission pri-
marily by activating the �-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) subtype of excitatory amino acid
receptors. AMPA receptors (AMPARs) are heteromultimeric
complexes assembled from four subunits (GluR1–GluR4).
The biophysical properties and pharmacological sensitivity of
AMPARs are determined by their subunit composition.
Among the AMPAR subunits, GluR2 is unique in that its
transcripts undergo RNA editing, a process that results in a
glutamine (Q) to arginine (R) substitution at a residue (586)
located within the channel pore (Q/R site) (Sommer et al.,
1991). AMPARs comprised of the edited form of the GluR2

subunit display low Ca2� permeability (Burnashev et al.,
1992), outwardly rectifying current-voltage relations (Ver-
doorn et al., 1991), insensitivity to block by organic polyca-
tions (Bowie and Mayer, 1995), and sensitivity to inhibition
by barbiturates (Taverna et al., 1994; Yamakura et al., 1995).

Barbiturates represent an important class of therapeutic
agents that are used for their sedative, anesthetic, and anti-
convulsant properties. The properties and molecular basis for
the block of AMPARs by barbiturates has been studied in
both native and recombinantly expressed receptors. In both
Xenopus laevis oocytes and hippocampal neurons, the GluR2
subunit was shown to render AMPARs more sensitive to the
depressant effects of the barbiturate pentobarbital (PB) (Tav-
erna et al., 1994; Joo et al., 1999). A study in cultured cortical
neurons revealed that the inhibition of AMPARs by PB is
use-dependent, an effect interpreted as being consistent with
an open-channel blocking mechanism (Marszalec and Nara-
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hashi, 1993). However, use dependence of drug action does
not necessarily imply occlusion of the open pore or preferen-
tial binding to the open state (Newland and Cull-Candy,
1992; Orser et al., 1997). For example, a drug that preferen-
tially associate with or stabilizes an agonist-bound closed
state (e.g., desensitized) would produce similar use-depen-
dent actions. Nevertheless, a channel blocking mechanism is
consistent with evidence suggesting that the editing status of
the Q/R site, located within the pore-forming region of the
GluR2 subunit, determines the sensitivity of AMPA recep-
tors to block by PB (Yamakura et al., 1995).

Beyond gaining a greater understanding of this important
class of therapeutic agents, the importance of determining
the mechanism underlying the block of AMPARs by PB is
highlighted by the recent use of this compound to determine
the subunit composition of AMPARs underlying excitatory
postsynaptic currents (EPSCs) (Liu and Cull-Candy, 2000).
Indeed, if an agonist-bound desensitized rather than open
state underlies use-dependent inhibition by PB, then the
sensitivity of EPSCs may depend not only on receptor sub-
unit composition (i.e., presence or absence of GluR2 subunits)
but also on the relative contribution of desensitization to the
time course of synaptic events.

In the present study, we examined the mechanisms under-
lying the block of AMPARs by PB in CA1 pyramidal neurons
acutely isolated or cultured from rat hippocampus as well as
from GluR2-null mutant (�/�) and wild-type (�/�) mice.
Contrary to previous suggestion of an open channel blocking
mechanism, our results indicate that the potency and use
dependence of PB inhibition is due to stabilization and trap-
ping in an agonist-bound desensitized state.

Materials and Methods
Preparation of Isolated CA1 Pyramidal Neurons. CA1 pyra-

midal neurons were isolated from hippocampal slices prepared from
either Wistar rats (14–21 days old) or GluR2-null mutant (�/�) and
wild-type (�/�) (greater than 6 weeks of age) mice as described
previously (Wang and MacDonald, 1995). Briefly, rats were decapi-
tated under halothane anesthesia and their brains quickly removed
and placed in cold (4°C), oxygenated extracellular solution of the
following composition: 140 mM NaCl, 5.0 mM KCl, 1 mM CaCl2, 1
mM MgCl2, 20 mM PIPES, 25 mM glucose, and 0.0003 mM tetrodo-
toxin, pH 7.4, osmolarity 320–335 mOsM. Hippocampi were isolated
from the whole brain and cut by hand into 500- to 1000-�m-thick
slices using a razor blade. Slices were then incubated at room tem-
perature in extracellular solution containing 1.5 mg/ml protease
(type XIV; Sigma Chemical, Oakville, ON, Canada). After 30 min of
enzymatic digestion, slices were rinsed free of enzyme and allowed to
recover for at least 1 h in a recording solution composed of 140 mM
NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 2 mM MgCl2, 25 mM HEPES, and
33 mM glucose, pH 7.4, osmolarity 320–335 mOsM. For isolation of
hippocampal neurons, a single slice was transferred to a 35-mm
culture dish where the CA1 region was isolated and triturated using
a fire-polished Pasteur pipette. Only neurons that retained their
pyramidal shape, including major primary and several secondary
dendritic processes were used for recordings.

Cell Culture. Cultures of hippocampal neurons were prepared
according to previously described methods from 1- to 2-day-old pups
born of heterozygous GluR2 (�) mice (Joo et al., 2001). Briefly, hip-
pocampi obtained from each group of animals were dissociated by me-
chanical trituration and plated on poly-D-lysine-covered glass coverslip
[neonates born of GluR2 (�)]. The resulting cultures were incubated in
minimal essential media (Invitrogen, Carlsbad, CA), supplemented
with fetal bovine serum (100 �g/ml; Invitrogen), inactivated horse se-

rum (100 �g/ml; Invitrogen), and insulin (8 �g/ml crystalline bovine
zinc insulin; Invitrogen), at 37°C in 7% carbon dioxide. Fluorodeoxyuri-
dine (4 mg/ml; Sigma Chemical) and uridine (10 mg/ml; Sigma Chem-
ical) were added on day 5 to inhibit glial cell proliferation. After the first
week, the cultures were maintained in only minimal essential media
and 100 �g/ml horse serum until the time of recording. The genotype of
all mice used in these studies was confirmed by Southern blotting or
polymerase chain reaction of tail genomic DNA.

Whole-Cell Recordings. The restricted size of the isolated CA1
pyramidal cell body and proximal dendrites (�30 �m), compared
with the cultured neurons, allows for greater control of the mem-
brane voltage (space-clamp), making them ideally suited for record-
ing responses evoked by exogenously applied agonist. Whole-cell
patch-clamp recordings, performed at room temperature, were ob-
tained using patch pipettes pulled from borosilicate glass (1.5 mm
diameter; WPI, Sarasota, FL) using a two-stage vertical puller (PP-
83; Narashige, Greenvale, NY). Patch electrodes had a resistance of
2 to 5 M� when filled with an internal solution of the following
composition: 140 mM CsF, 10 mM HEPES, 11 mM EGTA, 1 mM
CaCl2, 2 mM MgCl2, 2 mM tetraethylammonium, and 4 mM K2ATP,
pH 7.2–7.3; osmolarity 295–305 mOsM. Patched neurons were volt-
age-clamped at �60 mV, lifted from the bottom of the culture dish,
and carefully positioned into the stream of solution flowing from a
computer-controlled, step-motor driven, multibarreled perfusion sys-
tem (SF-77B; Warner Instrument, Hamden, CT). The small size of
the cell body and proximal dendrites, relative to the width of the
square glass tubing used (500 �m), ensured the uniform application
of agonist and drug solutions (concentration-clamp). In several such
recordings the solution exchange time constant, estimated from a
single exponential fit of the current induced by a change in [Na�]o

(	 � 130 mM) during a prolonged application of kainate (100 �M),
was 3.1 � 0.3 ms (n � 8). The series resistance of our recordings was
monitored using hyperpolarizing voltage steps (�5 to �20 mV) ap-
plied at regular intervals (�2 min). AMPAR-mediated currents were
recorded after the rapid application of the agonists kainate or glu-
tamate. When glutamate was applied, MgCl2 (2 mM) or dl-2-amino-
5-phosphonovaleric acid (50 �M; Sigma Chemical) was added to the
recording solutions to block NMDA receptors. In addition, bicucul-
line methiodide (10 �M; Sigma Chemical) was used in all experi-
ments to prevent the direct activation of GABAA receptors by PB.
Currents were recorded using an Axopatch 1-B and data were fil-
tered at 2 kHz, digitized and acquired using pClamp6 program (Axon
Instruments, Inc., Union City, CA). All population data are ex-
pressed as mean � S.E.M. Statistical significance was determined
using the Student’s paired t test.

Recording of mEPSCs from GluR2 (�/�) and (�/�). Whole-
cell recordings were obtained from cultured hippocampal neurons
derived from both GluR2 (�/�) and (�/�) mice. Patch electrodes
were filled with an intracellular solution of the following composi-
tion: 70 mM CsF, 60 mM CsCl, 10 mM HEPES, 2 mM MgCl2, 11 mM
EGTA, 2 mM TEA, 1 mM CaCl2, 4 mM K2ATP, pH 7.2–7.3; osmo-
larity 295–305 mOsM. AMPAR-mediated miniature excitatory
postsynaptic currents (mEPSCs), recorded in the presence of 0.5 �M
tetrodotoxin, were pharmacologically isolated by including 10 �M
bicuculline and 40 �M dl-2-amino-5-phosphonovaleric acid in the
external solution. Miniature EPSCs were acquired (20 kHz) using
the peak-based event detection routine of the SCAN program
(Strathclyde Electrophysiology Software, Glasgow, UK). The thresh-
old for event detection was set at �10 pA (�3 times baseline noise),
and spurious events were manually rejected after visual inspection
of each acquired trace. The amplitude of mEPSCs was determined
for 100 to 200 events recorded before and after drug application and
averaged for each cell.

Results
Kinetics of the Inhibition of AMPAR-Mediated Cur-

rents by PB. The association of a channel blocker with a
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single receptor-associated binding site should proceed as a
bimolecular reaction leading to the formation of a drug-re-
ceptor channel complex. Accordingly, the time course of both
the onset and recovery from block are predicted to proceed
with single exponential kinetics. In addition, although the
forward rate constant of blockade (kon) should be linearly
dependent on the concentration of drug, the reverse rate
constant (koff) should not. Thus, the first series of experi-
ments was designed to test whether the kinetics of barbitu-
rate inhibition of AMPAR-mediated responses evoked by kai-
nate are consistent with those predicted for an open-channel
blocker.

In isolated CA1 pyramidal neurons voltage-clamped at
�60 mV, sustained inward currents elicited by the rapid
application of 100 �M kainate were rapidly and reversibly
depressed by the coapplication of PB (10–1000 �M; Fig. 1A).
The concentration-inhibition relationship for PB was con-
structed by measuring the steady-state fractional inhibition
of kainate-evoked response produced at each concentration of
PB (3–1000 �M; Fig. 1D). Under these conditions, the IC50

value for PB was 20.7 � 1.31 �M (n � 5) and the Hill
coefficient was 0.90 � 0.01 (n � 5), suggesting a single site of
action on AMPARs.

The time course of inhibition by PB was best described by
a double exponential function, suggesting the involvement of
multiple distinct steps. The influence of drug concentration
on both the fast and slow components of block was examined
to determine whether either of these components represents
open channel block (Bahring and Mayer, 1998). Although the
fast and slow rates of onset increased with concentration,
neither showed a linear dependence on drug concentration
(Fig. 1, B and C). It should be noted that even the fastest rate
of onset (i.e., �30 s�1 at 1 mM corresponding to a time
constant of �33 ms) was 10-fold slower than the estimated
speed of solution exchange (�3 ms), indicating that the de-
viation from linearity was not generated by the limitations
imposed by our perfusion system. The relative contribution of
the fast and slow component to the onset of inhibition varied
with PB concentration (Fig. 1C), the slow component decreas-
ing with increasing concentrations of PB. In contrast, both
the fast and slow rates of recovery were independent of PB
concentration. The values for koff-fast (1.66 � 0.17 s�1) and
koff-slow (0.34 � 0.05 s�1) were estimated using the y-axis
intercepts of the plots shown in Fig. 1, B and C.

We also tested whether the inhibition by PB could be
observed in the absence of receptor activation. This was done

Fig. 1. Double exponential kinetics of block by PB. A, representative traces from a single cell demonstrating the blockade of kainate-evoked responses
during a 7-s application of varying concentrations of PB. Onset and recovery from block were well fit using a double-exponential function. Lines drawn
through the data points show the contribution of the slow component to the onset of block. B, rates for the fast component of onset (f) and recovery
(E) from block (1/�fast) plotted against the concentration of PB. C, rates for the slow component of onset (f) and recovery (E) from block (1/�slow) are
plotted against the concentration of PB as is the percentage of contribution of the slow component to the onset of block (�). D, concentration-inhibition
relationship for PB block of kainate-evoked responses.
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by preapplying PB for a prolonged period before the applica-
tion of the agonist alone. In contrast to the rapid develop-
ment of inhibition observed in the presence of agonist, appli-
cations of PB (50 �M) for 5 min in the absence of kainate
produced minimal inhibition of the subsequent response to
kainate (10.9 � 2.2%, n � 3; data not shown). Thus, as
reported previously, the prior association of the agonist and
ensuing change in the conformation of AMPARs is required
for the inhibition by PB to develop fully.

Dependence of the Degree of Blockade on the Con-
centration of Agonist. The degree of block produced by a
fixed concentration of an open channel blocker is expected to
increase with agonist concentration because this allows the
blocker increased access to its binding site (Ascher et al.,
1979; Chen et al., 1992). The influence of agonist concentra-
tion on the extent of blockade was determined by measuring
the inhibition by 50 �M PB of currents evoked by increasing

concentrations of kainate (Fig. 2, A and B). The fractional
block by PB was increased by 13.5 � 2.4% when agonist
concentration was raised from 30 to 50 �M. However, when
the agonist concentration was increased beyond 100 �M the
inhibition was reduced. Thus, the fractional block displayed a
biphasic dependence on the concentration of kainate.

The protocol illustrated in Fig. 2A allowed us to examine
the effects of PB on the ability of kainate to evoke AMPAR
responses. Consistent with the involvement of a mixed form
of antagonism, 50 �M PB reduced the maximal response
evoked by kainate and increased the EC50 value for kainate
from 248.2 � 18.7 to 367.5 � 28.3 �M (Fig. 2C; n � 7, p �
0.0003).

pH Dependence of PB Effects. The potency of inhibition
by PB is greatly increased by the presence of an arginine
(R586, Q/R site) residue within the pore-forming TM2 region
of the GluR2 subunit. Given that PB can exist in anionic form

Fig. 2. Dependence of the degree of blockade on the concentration of agonist. A, illustrates the block by PB of responses elicited with increasing
concentrations of kainate. Kainate response amplitudes were measured immediately before the start and end of PB applications as indicated by the
arrows and normalized to the response elicited by 3 mM kainate in the absence of PB. B, fractional block [1 � (IPB/Icontrol)] by PB (f) displayed a
biphasic dependence on the concentration of PB. The relative contribution of the slow component to the onset of block (�) decreased with increasing
concentration of agonist. C, concentration-response relationship for kainate in the absence (f) or presence (�) of PB. Normalized response amplitudes
were plotted against the concentration of kainate and fitted using the Hill equation. Dashed line represents the concentration-response curve for
kainate in the presence of PB normalized to the amplitude of responses elicited by 3 mM kainate in the presence of PB.
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when dissolved in an aqueous solution, it was suggested that
PB binds to the positively charged R586 residue located
within the pore of AMPARs (Yamakura et al., 1995). How-
ever, having a pKa value of 8.0 (Narahashi et al., 1971),
approximately 80% of PB exists in an uncharged form at
physiological pH (7.4). Thus, one would expect inhibition by
PB to increase under conditions that favor the charged form
of the compound (i.e., basic pH). We tested the effects of
increasing the extracellular pH on inhibition of AMPARs by
50 �M PB (Fig. 3). Over the pH range of 7.0 to 9.5, the
charged form of PB increases from less than 10% to more
than 95% (see PB titration curve in Fig. 3B). However, as the
extracellular pH was increased the inhibition was reduced
from 0.70 � 0.02 (n � 7) to 0.16 � 0.01 (n � 5, p 
 0.001),
suggesting that the uncharged form of PB inhibits AMPARs.
The titration curve shown in Fig. 3B fits the experimental
data well, although the derived pKa (8.8) did not correspond
to the reported pKa of PB (8.0; Narahashi et al., 1971). This
discrepancy may be due to the additional effects of pH on
agonist binding and channel gating (Ihle and Patneau, 2000;
Lei et al., 2000b).

Cyclothiazide Prevents Trapping of PB after the
Rapid Removal of Agonist. A common property of open
channel blockers is their ability to remain bound or “trapped”
to a closed state of the receptor after the unbinding of agonist
(Lingle, 1983; Chen and Lipton, 1997). A trapping protocol
(Fig. 4A; n � 5–8) was used to test whether PB remained
trapped within AMPARs after the rapid removal of agonist.
After allowing kainate-evoked currents to reach a steady
state, PB was applied at a concentration (200 �M) that pro-
duces near maximal inhibition (88.7 � 0.5%, n � 9). The
block was allowed to proceed until a steady-state level of
inhibition was reached, after which both kainate and PB
were rapidly washed away. After variable periods of wash
(30–300 s), the reapplication of agonist elicited an inward
current that consisted of an initial fast component followed
by a slow, biexponential return to the control current level.
The initial fast component of the response (Fig. 4A, inset),
presumed to represent the rapid reopening of previously
unblocked receptors, was of similar amplitude as the current
observed after inhibition by 200 �M PB. This indicates that
a majority of receptors remained blocked despite continued
wash. The slow component of the response represented the
recovery from inhibition by PB. Figure 4B demonstrates that
the majority of the receptors blocked after the application of
PB remained so regardless of the duration of wash.

With the exception of its ability to trap, the results pre-
sented so far are not consistent with a mechanism of open
channel block. We therefore speculated that the state-depen-
dent actions of PB at AMPARs depend on the desensitized
rather than opened state of the receptors. This possibility
was first examined by studying the effects of cyclothiazide
(CTZ), an inhibitor of AMPAR desensitization (Patneau et
al., 1993; Partin et al., 1996), on the inhibition by PB.

Although kainate seems to evoke nondesensitizing AM-
PAR-mediated responses, desensitization nevertheless oc-
curs but on a time scale that is too rapid to be resolved when
whole-cell currents are elicited using a step-motor-driven
agonist application system (Patneau et al., 1993). Consistent
with this suggestion, application of 100 �M CTZ caused a
greater than 10-fold enhancement (10.5 � 1.9, n � 4) in the
amplitude of kainate-evoked currents (not shown). Under
these conditions, CTZ was found to abolish the trapping of
PB such that near complete recovery from block was ob-
served after brief (500-ms) washout periods (Fig. 4C). In
addition, CTZ reduced the extent of inhibition by PB. Appli-
cation of 500 �M PB, which previously caused a near com-
plete block, now produced only a 71.2 � 3.1% inhibition of the
kainate-evoked currents in the presence of CTZ.

Given that glutamate induces more extensive desensitiza-
tion of AMPARs compared with kainate, we therefore next
examined the effects of CTZ on the PB inhibition of currents
evoked by this agonist (Fig. 5). Application of 500 �M gluta-
mate evoked large transient peak currents that decayed to a
steady-state level (Fig. 5A). Coapplication of 100 to 300 �M
PB during the steady-state component of the response caused
71.3 � 5.3% inhibition. Treatment with 100 �M CTZ caused
7.4 � 1.0-fold enhancement of the steady-state glutamate
currents and reduced the block by PB to only 6.4 � 0.7% (Fig.
5B; n � 4). Similarly, GT-21-005, a novel organic nitrate that
reduces AMPAR desensitization (Toong et al., 2001), albeit
less completely than CTZ, also reduced the inhibition of
AMPARs by 100 �M PB (percentage of inhibition: Ctrl �

Fig. 3. Increasing extracellular pH reduces block by PB. A, superimposed
traces illustrating the effect of varying the extracellular pH on the block
of kainate-evoked responses by PB. The pH of all solutions applied to the
cells was adjusted to the values indicated. B, plot of the fractional block
by PB [1 � (IPB/Icontrol)] versus extracellular pH. The continuous line
represents the titration curve for PB calculated using the function y �
1/(1 � 10pH-pKa), where the value of pKa (8.8) was estimated by a nonlin-
ear least-squares fit of the experimental data.
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74.4 � 1.1%; GT-21–005 � 56.0 � 3.6%, n � 5; results not
shown).

PB Accelerates the Onset of AMPAR Desensitization.
We next examined the effects of PB on desensitization of
AMPARs induced by glutamate. Desensitization by this ag-
onist proceeds more slowly than with kainate, allowing us to
examine the effects of PB on the transition of receptors to and
from their desensitized state(s). Rapid applications of a near
saturating concentration (3 mM) of glutamate evoked tran-
sient AMPAR currents (5425 � 774 pA, n � 6) that rapidly
desensitized to a steady-state level (773 � 165 pA, n � 6). PB
(3–1000 �M) was next added to both control and agonist
containing solutions and several responses were recorded at
each concentration to ensure that a steady-state level of
inhibition had been achieved. PB was found to differentially
affect the peak (Ipeak) and steady-state (ISS) components of
glutamate-evoked responses (Fig. 6A). Although PB readily
abolished ISS (IC50 � 92.8 � 15.3 �M), the maximal inhibi-

tion of Ipeak was only 34.7 � 3.2% (Fig. 6B; n � 6). Conse-
quently, the ISS/Ipeak for the glutamate-evoked current (Ctrl:
0.137 � 0.024, n � 6) was reduced by PB (1 mM; 0.012 �
0.002, n � 6) in a concentration-dependent manner (Fig. 6C).
Similarly, a concentration-dependent reduction in the time
constant for the onset of desensitization (�desen) was observed
in the presence of PB [Fig. 6C, �D (Ctrl) � 58.3 � 8.3 ms; �D

(PB 1 mM) � 16.6 � 2.1 ms, n � 6]. In addition to facilitating
the onset and extent of desensitization, PB produced a con-
centration-dependent increase in the 10 to 90% rise time of
the AMPAR-mediated currents (Fig. 6D). This finding is con-
sistent with the slight reduction in kainate potency by PB
(Fig. 2B). In contrast, at concentrations of up to 300 �M, PB
produced minimal changes in deactivation kinetics (Fig. 6, A
and D, inset). Additionally, 50 �M PB did not affect the time
course for recovery from desensitization (n � 5; not shown).

PB Inhibition of AMPARs Is Independent of Voltage.
Steady-state AMPAR currents display outward rectification

Fig. 4. In the absence of AMPAR desensitization, trapping of PB is abolished. A, representative traces demonstrating the protocol used to examine
trapping of PB at AMPARs. After a 2-s application of PB (200 �M) in the continued presence of kainate, the cell was rapidly rinsed free of both PB
and kainate. After variable periods of wash, reapplication of kainate elicited an initial fast response, followed by a slow recovery to control levels.
Distinction between fast and slow components of recovery can be seen within the inset showing an expanded portion of the trace included within the
dashed box. The amplitude of each component of the recovery from trap response (Afast, Aslow1, and Aslow2) was determined from triple exponential fits
of the currents evoked after reapplication of agonist. Percentage of trapping was calculated as [(Aslow1 � Aslow2/Afast � Aslow1 � Aslow2)/fractional block
by 200 �M PB] � 100. B, summary graph illustrates the percentage of block remaining after variable periods of wash. C, superimposed traces of
responses recorded in the presence of CTZ using trapping protocol as in A. In the presence of CTZ, trapping was not observed even with relatively short
durations of wash consisting 0.5 (trace 2), 1 (trace 3), and 2 s (trace 4). For each trace, the timing of agonist application after wash is indicated by the
arrows. The response recorded after removal of PB in the continued presence of kainate � CTZ (trace 1) is shown for comparison.
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due to the voltage dependence of AMPAR desensitization
(Patneau et al., 1993; Raman and Trussell, 1995). In con-
trast, the actions of PB on AMPAR responses evoked by
kainate are reportedly independent of membrane voltage
(Marszalec and Narahashi, 1993). We tested the effects of PB
on AMPAR-mediated responses evoked by glutamate at
membrane potentials ranging from �80 to �60 mV (Fig. 7).
As previously demonstrated for GluR2-containing AMPARs,
the current-voltage relationship for Ipeak of glutamate-
evoked currents was linear, whereas ISS displayed prominent
outward rectification (Fig. 7, B and C). Thus, ISS/Ipeak was
strongly voltage-dependent, its value increasing with mem-
brane depolarization (Fig. 7D). Consistent with the results
presented in Fig. 6, 50 �M PB produced a relatively small
reduction of Ipeak (Fig. 7B, 16.7 � 4.3% at �70 mV, n � 4)
compared with ISS (Fig. 7C; 42.5 � 4.0% at �70 mV, n � 4).
The reduction of Ipeak and ISS produced by PB was indepen-
dent of membrane voltage. As a result, the ISS/Ipeak was
reduced by �30% at all potentials tested (Fig. 7D).

Reduced Potency of Block by PB in GluR2 (�/�)
Neurons Is Associated with Accelerated Kinetics and a
Reduced Contribution of the Slow Component of
Block. We next examined the kinetics of PB inhibition of
AMPARs in hippocampal CA1 neurons acutely isolated from
GluR2 (�/�) and (�/�) mice. In neurons from GluR2 (�/�)
mice (Fig. 8A) current relaxations induced by PB were best fit
using a double exponential function, consistent with the re-
sults obtained in rat neurons. The rate of onset of both fast
and slow components of block displayed a nonlinear depen-
dence on the concentration of PB, whereas the rates of offset
were largely independent of drug concentration (Fig. 8, B and
C). As illustrated by the superimposed traces in Fig. 8A, the
rate of onset and recovery from PB block was increased in
neurons from GluR2 (�/�) mice. The rates of onset of the fast
(Fig. 8B) and slow (Fig. 8C) components of block were inde-
pendent of drug concentration, indicating that the binding of
PB was no longer a rate-limiting step of the blocking reaction

in GluR2-deficient AMPARs. Intriguingly, the fast and slow
offset rates now demonstrated a slight inverse dependence on
the concentration of PB (Fig. 8, B and C). Consistent with
previous studies indicating that differences in the potency of
a series of receptor antagonists, which can be estimated from
ki � koff/kon, can be attributed to differences in the rate of
drug dissociation constants (MacDonald et al., 1991), com-
parison of the results obtained from GluR2 (�/�) and (�/�)
mice revealed a much greater change in the rates of offset
than onset (Table 1). In addition, the contribution of the slow
component of block in GluR2 (�/�) AMPARs was reduced,
especially at low concentrations of PB, suggesting that the
slow component of block determines the high potency of PB
for AMPARs.

Effects of PB on mEPSCs in Cultured Hippocampal
Neurons from Both GluR2 (�/�) and (�/�) Mice. Fi-
nally, to examine the potential physiological actions of PB,
we examined its effects on pharmacologically isolated AM-
PAR-mediated mEPSCs. Previous studies suggest that de-
sensitization contributes little, if at all, to the time course of
EPSCs at hippocampal synapses (Diamond and Jahr, 1995;
Hjelmstad et al., 1999; Lei et al., 2000a). Therefore, if the
sensitivity to inhibition by PB is increased by the entry of
receptors into a desensitized state then PB should have min-
imal effects on mEPSCs. We tested this hypothesis in cul-
tured hippocampal neurons from GluR2 (�/�) and (�/�)
mice. Miniature EPSC amplitude was unaffected by the ap-
plication of 100 �M PB to hippocampal cultured neurons
from both GluR2 (�/�) and wild-type mice (Fig. 9A). The
inability of PB to affect mEPSC amplitude might have arisen
from the conditions underlying the activation of synaptic
AMPARs (e.g., low transmitter release probability at a given
synapse). Use of the GluR2 (�/�) neurons allowed us to
compare the actions of PB with those of spermine, an open
channel blocker of AMPARs devoid of the GluR2 subunit
(Washburn and Dingledine, 1996). In contrast to the results
obtained with PB, spermine readily reduced the amplitude of
mEPSCs in GluR2 (�/�), but not GluR2 (�/�), cultured
neurons (Fig. 9B). Thus, the inability of PB to affect mEPSCs
provides further evidence that this compound does not act as
an open channel blocker of AMPARs.

Discussion
In the present study, the mechanisms underlying the block

of AMPARs by the barbiturate PB were investigated. Depres-
sion of kainate-evoked AMPAR-mediated currents by PB in-
volved two kinetically distinct components. Neither the fast
nor the slow kinetic components of inhibition displayed lin-
ear concentration dependence, implicating rate-limiting
steps in the blocking reaction. PB increased the EC50 value
for kainate, suggesting that at least one component of the
block might involve a reduction in the potency of agonist. In
addition, the findings that PB 1) accelerated the onset of
desensitization (tdesen), 2) preferentially reduced the steady-
state (ISS) rather than peak (Ipeak) component of glutamate-
evoked currents, and 3) displayed a reduced potency in the
presence of cyclothiazide, suggest that sensitivity to inhibi-
tion by PB is increased by AMPAR desensitization. Consis-
tent with this suggestion, mEPSCs recorded in hippocampal
neurons cultured from GluR2-null mutant and wild-type
mice were insensitive to block by PB, presumably due the

Fig. 5. Inhibition of glutamate-evoked currents by PB is reduced in the
presence of CTZ. A, application of PB (100 �M) for 5 s inhibits steady-
state currents evoked by glutamate (500 �M). Subsequent application of
CTZ to the same cell blocked AMPAR desensitization and reduced the
inhibition of glutamate-evoked currents by PB. B, bar graph of the per-
centage of block of glutamate-evoked steady state currents produced by
PB (100 and 300 �M) in the presence and absence of CTZ.
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minimal contribution of desensitization to the time course of
these transient synaptic events.

Open Channel Block Does Not Underlie the Inhibi-
tion of AMPARs by PB. Previous studies have proposed
that PB is an open channel blocker of AMPARs. This was
based on evidence demonstrating that PB inhibition is use-
dependent and sensitivity is reduced when the arginine
(R586Q) present within the pore-forming TM2 region of the
GluR2 subunit is replaced by glutamine. Such a mechanism
implies a simple bimolecular association of the blocker with
its channel associated binding site and therefore single ex-
ponential blocking kinetics is predicted. Because channel
function is inhibited by occlusion of the channel pore and
does not require conformational changes, the rate of onset of
block should be linearly dependent on the concentration of
blocker as demonstrated for a number of open channel block-
ers of AMPA, kainate, and NMDA receptors (Chen and Lip-
ton, 1997; Bowie et al., 1998). In addition, given that channel
opening allows greater access of the blocker to its binding
site, the degree of blockade should increase with increased

opened probability (Ascher et al., 1979; Chen et al., 1992).
None of these predictions was borne out experimentally for
the inhibition of AMPARs by PB.

The block of kainate-evoked AMPAR-mediated currents by
PB was best described using a double exponential function.
Multiple heteromeric complexes of AMPARs are expressed
within hippocampal pyramidal neurons. The possibility that
the double exponential kinetics reflect the actions of PB at
distinct subpopulations of AMPARs is, however, unlikely.
AMPARs from CA1 pyramidal neurons are composed pre-
dominantly of GluR1/R2 and GluR2/R3 heteromers
(Wenthold et al., 1996). Previous studies have shown that
AMPARs composed of these subunit combinations display
nearly identical sensitivity to PB (Taverna et al., 1994) and
should therefore have very similar blocking kinetics. In ad-
dition, multiple components of block are apparent even in
receptors that lack the GluR2 subunit, further suggesting
that subunit heterogeneity does not account for the kineti-
cally complex behavior of the inhibition by PB.

The nonlinear concentration dependence of the rate of on-

Fig. 6. PB facilitates AMPAR desensitization. A, sample traces showing the effects of increasing concentrations of PB (10–1000 �M) on AMPAR
responses elicited by glutamate. Lines drawn through the traces are single exponential fits to the onset of desensitization. Inset shows deactivation
responses upon termination of the glutamate application. In these experiments, PB was applied in both the extracellular and agonist-containing
solution as indicated. B, concentration-inhibition analysis of the effects of PB on the Ipeak (�) and ISS (F) components of glutamate-evoked responses.
The data were fit using the Hill equation. C, plots of the time constant of desensitization (�desen, f) and Iss/Ip, (�) ratio versus PB concentration. PB
caused an increase in AMPAR desensitization as evidenced by the concentration-dependent reduction of both �D and Iss/Ip. D, PB was also found to
slow the 10 to 90% rise time (f) while causing a slight reduction in the time constant for deactivation (�deact, �).
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set for both the fast and slow components of block implicates
rate-limiting steps, possibly involving changes in receptor
conformation, subsequent to the binding of PB. More complex
multistate open channel blocking schemes could be consid-
ered to reconcile the complex kinetic behavior. However, the
observed reduction in the degree of blockade with increasing
concentration of agonist or by inhibiting AMPAR desensiti-
zation, both expected to increase channel openings, is con-
trary to the actions of an open channel blocker. Furthermore,
it is difficult to reconcile the inability of PB to affect mEPSCs
into any model of open channel block. This led us to consider
the possibility that the use-dependent and trapping proper-

ties of PB may depend on an interaction of this compound
with an agonist-bound, desensitized state of the receptor.

State-Dependent Block of Desensitized Receptor. Ki-
netic modeling studies have suggested that CTZ reduces
desensitization of AMPARs by stabilizing an agonist-bound
nondesensitized closed state and slowing the entry into a
desensitized state (Partin et al., 1996). More recently, the
molecular mechanism by which CTZ influences AMPAR gat-
ing was clarified by crystallographic experiments (Sun et al.,
2002). CTZ was shown to bind within a pocket located at the
interface between AMPAR subunit dimers and promote sub-
unit dimerization, thereby preventing the conformational

Fig. 7. The inhibition by PB is voltage-independent. A, representative traces demonstrating glutamate-evoked responses recorded at holding
potentials of �70 to �50 mV before and after the application of PB to the same neuron. To ensure that equilibrium block was achieved, several
responses were evoked in the presence of PB before repeating the voltage steps. B, linear current-voltage relation for Ipeak of glutamate-evoked
responses in the absence (f) and presence of PB (�). PB produced a slight reduction of Ipeak at all holding potentials but did not alter the
current-voltage relation. C, steady state current-voltage relation before (f) and after (�) the application of PB displays outward rectification due to
more prominent desensitization at negative holdings. Although PB did cause a large reduction in the amplitude of ISS, the current-voltage relation was
not changed. D, The Iss/Ipeak ratio was increased as the holding potential was made more positive. Despite having caused a reduction in the Iss/Ipeak
ratio, PB did not influence its dependence on voltage.
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changes underlying desensitization. Consequently, the re-
duced potency and loss of trapping inhibition after treatment
with CTZ suggests that each of these properties of PB re-
quires the transition of AMPARs into a desensitized state.
Moreover, abolished trapping indicates that the conforma-
tional change resulting from the interaction of CTZ with
AMPARs must now allow PB to freely dissociate from a
binding site of otherwise restricted access in the absence of
agonist.

Although greatly reduced, partial inhibition of AMPARs by
PB nevertheless occurred despite the presence of CTZ, sug-
gesting that the association of PB does not require desensi-
tization. Consequently, the use dependence of block results
from some other agonist-induced conformational changes
that allows PB to bind. Once associated with AMPARs, the
acceleration of the rate of decay (�D) and preferential inhibi-
tion of ISS suggests that PB stabilizes the desensitized state
of the receptor where it then remains trapped after the re-
moval of agonist. Computational modeling may help to re-

solve the potential receptor states underlying the multiple
kinetic components of PB inhibition.

Role GluR2 Subunits in the Block of AMPARs by PB.
Previous studies demonstrated that the sensitivity of AM-
PARs to PB (Taverna et al., 1994) is increased by the pres-
ence of an arginine (R) at position 586 (Q/R site) of the
pore-forming TM2 region of the GluR2 subunit (Yamakura et
al., 1995). At physiological pH, PB exists in either neutral or
negatively charged form, whereas R586 is positively charged.
Given the use dependence of PB inhibition, it is tempting to
consider R586 as a critical residue underlying the “guarded”
receptor binding site that only becomes accessible to PB after
agonist binding. However, we find no evidence to support
such an interaction. Indeed, the interaction of a charged
compound to a binding site located within the channel pore
would be expected to display voltage dependence, yet none
was observed. Furthermore, the pH dependence of block in-
dicated that the uncharged, rather than charged, form of PB
is responsible for the inhibition of AMPARs. Thus, our re-

Fig. 8. Reduced block by pentobarbital in GluR2 (�/�) mice is associated with more rapid kinetics and a reduced contribution from the slow component
of block. A, illustrative current traces demonstrating the reduced sensitivity to block by pentobarbital with corresponding accelerated kinetics in
AMPARs lacking the GluR2 subunit. Solid and dashed traces represent responses recorded in isolated neurons obtained from (�/�) and (�/�) GluR2
mice, respectively. Note the 10-fold higher concentration of pentobarbital required in AMPARs from (�/�) mice to produce similar degree of block as
in receptors from (�/�) mice. Onset and offset rates for the fast (B) and slow (C) components of block were obtained from double exponential fits of
current traces and plotted against the concentration of PB. D, the relationship between the concentration of PB and the percentage of contribution of
the slow component to the onset of block is plotted for responses from both (�/�) and (�/�) mice.
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sults suggest that the dependence of the block by PB on the
GluR2 subunit is not due to a direct interaction with a pos-
itively charged pore-lining residue.

Influence of Pore-Lining Residues on Ionotropic Re-
ceptor Desensitization. How then may pore-lining resi-
dues of the GluR2 subunit influence the state-dependent
block of AMPARs by PB? Desensitization of ligand-gated ion
channels is believed to involve an agonist-induced conforma-
tional change of the receptor to a nonconducting state. Recent
studies have suggested, at least for the nicotinic acetylcho-
line (Auerbach and Akk, 1998) and NMDA receptors (Sobo-
levsky et al., 1999), the existence of distinct structures lo-
cated within the ion permeation pathways that act as gates
separately controlling receptor activation and desensitiza-
tion. Regardless of whether such desensitization gates actu-
ally exists, studies of the nicotinic acetylcholine (Revah et al.,
1991), 5-hydroxytryptamine3 (Yakel et al., 1993) and GABAA

(Gurley et al., 1995; Dibas and Dillon, 2000) receptors have
shown that desensitization can be altered by point mutations
within their respective pore-forming regions. In this respect,
it is interesting to note that similar to PB, the picrotoxin
block of GABAA receptors is use- but not voltage-dependent
(Newland and Cull-Candy, 1992) and also can be reduced
through mutations within the pore-forming M2 region of
GABAA receptors (Gurley et al., 1995; Dibas and Dillon,
2000). Based on single channel recordings from dissociated
sympathetic neurons, Newland and Cull-Candy (1992) simi-
larly suggested that the properties of the block of GABAA

receptors by picrotoxin were inconsistent with an open chan-
nel blocking mechanism. Rather, they proposed that the use
dependence of picrotoxin is due to the stabilization of an
agonist-bound nonconducting, possibly desensitized, state.

Given the numerous examples stated above, it seems likely
that residues within the pore can similarly influence AMPAR
desensitization. Thus, the reduced potency of PB observed in
AMPARs lacking GluR2 (Taverna et al., 1994), as well as in
those composed of GluR2 subunits with an arginine to glu-
tamine mutations (Yamakura et al., 1995), may be attributed
to the inability of these receptors to enter a desensitized state
capable of being stabilized by PB binding. Such an interpre-
tation is supported by the especially large increase in the rate
of offset (�10-fold change) relative to that of the onset (�2-
fold change) of block observed in the GluR2-null mutant
mice.

Implications. Although PB reduces the amplitude of elec-
trically evoked excitatory postsynaptic potentials, especially
those elicited by repetitive stimulation (Winegar et al., 1988),
it failed to influence the amplitude of spontaneous miniature
events. This suggests that use dependence through a mech-
anism involving desensitization may allow greater selectivity
of drug action, compared with open channel blockers, thereby
allowing these agents to target rapidly firing populations of
neurons during episodes of cerebral ischemia and seizure
activity. Importantly, our finding of the insensitivity of mEP-
SCs to block by PB suggests that caution is necessary when
interpreting the inability of PB to influence excitatory syn-
aptic responses as evidence for a lack of GluR2 subunit in-
volvement. Indeed, our results suggest that the sensitivity of
synaptic responses to PB primarily depends on the contribu-
tion of receptor desensitization to the time course of synaptic
events.

Acknowledgments

We thank L. Brandes and E. Czerwinska for technical support and
Drs. John Roder and Zhengping Jia for providing the GluR2-null
mutant mice.

References
Ascher P, Large WA, and Rang HP (1979) Studies on the mechanism of action of

acetylcholine antagonists on rat parasympathetic ganglion cells. J Physiol (Lond)
295:139–170.

Auerbach A and Akk G (1998) Desensitization of mouse nicotinic acetylcholine
receptor channels. A two-gate mechanism. J Gen Physiol 112:181–197.

Bahring R and Mayer ML (1998) An analysis of philanthotoxin block for recombinant
rat GluR6(Q) glutamate receptor channels. J Physiol (Lond) 509:635–650.

Bowie D, Lange GD, and Mayer ML (1998) Activity-dependent modulation of gluta-
mate receptors by polyamines. J Neurosci 18:8175–8185.

Bowie D and Mayer ML (1995) Inward rectification of both AMPA and kainate
subtype glutamate receptors generated by polyamine-mediated ion channel block.
Neuron 15:453–462.

Burnashev N, Monyer H, Seeburg PH, and Sakmann B (1992) Divalent ion perme-
ability of AMPA receptor channels is dominated by the edited form of a single
subunit. Neuron 8:189–198.

Chen HS and Lipton SA (1997) Mechanism of memantine block of NMDA-activated
channels in rat retinal ganglion cells: uncompetitive antagonism. J Physiol (Lond)
499:27–46.

Chen HS, Pellegrini JW, Aggarwal SK, Lei SZ, Warach S, Jensen FE, and Lipton SA
(1992) Open-channel block of N-methyl-D-aspartate (NMDA) responses by meman-
tine: therapeutic advantage against NMDA receptor-mediated neurotoxicity.
J Neurosci 12:4427–4436.

Diamond JS and Jahr CE (1995) Asynchronous release of synaptic vesicles deter-
mines the time course of the AMPA receptor-mediated EPSC. Neuron 15:1097–
1107.

Dibas MI and Dillon GH (2000) The central nervous system convulsant pentylenetet-
razole stimulates �-aminobutyric acid (GABA)-activated current in picrotoxin-
resistant GABAA receptors in HEK293 cells. Neurosci Lett 285:193–196.

Gurley D, Amin J, Ross PC, Weiss DS, and White G (1995) Point mutations in the M2
region of the �, �, or � subunit of the GABAA channel that abolish block by
picrotoxin. Receptors Channels 3:13–20.

Hjelmstad GO, Isaac JT, Nicoll RA, and Malenka RC (1999) Lack of AMPA receptor

TABLE 1
Comparison of the onset and offset rates of the block of AMPARs by
100 �M PB in CA1 hippocampal neurons from GluR2 (�/�) and (�/�)
mice

GluR2 (�/�) GluR2 (�/�) Change

%

1/�on-fast (s�1) 7.39 � 0.76 18.23 � 3.47 247
1/�on-slow (s�1) 1.52 � 0.17 2.52 � 0.35 166
1/�off-fast (s�1) 1.72 � 0.17 21.37 � 2.28 1242
1/�off-slow (s�1) 0.35 � 0.03 3.13 � 0.64 894

Fig. 9. Miniature EPSCs in cultured hippocampal neurons from both
GluR2 (�/�) and (�/�) mice are unaffected by pentobarbital but can be
readily blocked by spermine in GluR2 (�/�) cultures. A, representative
traces and summary bar graph demonstrating the inability of bath ap-
plied 100 �M PB to influence the amplitude of mEPSCs recorded in
cultures obtained from both GluR2 (�/�) and (�/�) mice. B, in contrast,
spermine reduced the amplitude of mEPSCs in cultures from GluR2
(�/�) while having no effect in those from (�/�) mice.

Properties of the Block of AMPARs by Pentobarbital 405



desensitization during basal synaptic transmission in the hippocampal slice.
J Neurophysiol 81:3096–3099.

Ihle EC and Patneau DK (2000) Modulation of �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor desensitization by extracellular protons. Mol
Pharmacol 58:1204–1212.

Joo DT, Gong D, Sonner JM, Jia Z, MacDonald JF, Eger EI, and Orser BA (2001)
Blockade of AMPA receptors and volatile anesthetics: reduced anesthetic require-
ments in GluR2-null mutant mice for loss of the righting reflex and antinociception
but not MAC. Anesthesiology 94:478–488.

Joo DT, Xiong Z, MacDonald JF, Jia Z, Roder J, Sonner J, and Orser BA (1999)
Blockade of glutamate receptors and barbiturate anesthesia: increased sensitivity
to pentobarbital-induced anesthesia despite reduced inhibition of AMPA receptors
in GluR2 null mutant mice. Anesthesiology 91:1329–1341.

Lei S, Jackson MF, Jia Z, Roder J, Bai D, Orser BA, and MacDonald JF (2000a)
Cyclic GMP-dependent feedback inhibition of AMPA receptors is independent of
PKG. Nat Neurosci 3:559–565.

Lei S, Orser BA, Thatcher GRL, Reynolds JN, and MacDonald JF (2000b) Positive
allosteric modulators of AMPA receptor function reduce proton-induced receptor
desensitization in rat hippocampal neurons. J Neurophysiol 85:2030–2038.

Lingle C (1983) Blockade of cholinergic channels by chlorisondamine on a crustacean
muscle. J Physiol (Lond) 339:395–417.

Liu SQ and Cull-Candy SG (2000) Synaptic activity at calcium-permeable AMPA
receptors induces a switch in receptor subtype. Nature (Lond) 405:454–458.

MacDonald JF, Bartlett MC, Mody I, Pahapill P, Reynolds JN, Salter MW, Schnei-
derman JH, and Pennefather PS (1991) Actions of ketamine, phencyclidine and
MK-801 on NMDA receptor currents in cultured mouse hippocampal neurones.
J Physiol (Lond) 432:483–508.

Marszalec W and Narahashi T (1993) Use-dependent pentobarbital block of kainate
and quisqualate currents. Brain Res 608:7–15.

Narahashi T, Frazier DT, Deguchi T, Cleaves CA, and Ernau MC (1971) The active
form of pentobarbital in squid giant axons. J Pharmacol Exp Ther 177:25–33.

Newland CF and Cull-Candy SG (1992) On the mechanism of action of picrotoxin on
GABA receptor channels in dissociated sympathetic neurones of the rat. J Physiol
(Lond) 447:191–213.

Orser BA, Pennefather PS, and MacDonald JF (1997) Multiple mechanisms of
ketamine blockade of N-methyl-D-aspartate receptors. Anesthesiology 86:903–917.

Partin KM, Fleck MW, and Mayer ML (1996) AMPA receptor flip/flop mutants
affecting deactivation, desensitization, and modulation by cyclothiazide, anirac-
etam and thiocyanate. J Neurosci 16:6634–6647.

Patneau DK, Vyklicky L Jr, and Mayer ML (1993) Hippocampal neurons exhibit
cyclothiazide-sensitive rapidly desensitizing responses to kainate. J Neurosci 13:
3496–3509.

Raman IM and Trussell LO (1995) Concentration-jump analysis of voltage-
dependent conductances activated by glutamate and kainate in neurons of the
avian cochlear nucleus. Biophys J 69:1868–1879.

Revah F, Bertrand D, Galzi JL, Devillers-Thiery A, Mulle C, Hussy N, Bertrand S,
Ballivet M, and Changeux JP (1991) Mutations in the channel domain alter
desensitization of a neuronal nicotinic receptor. Nature (Lond) 353:846–849.

Sobolevsky AI, Koshelev SG, and Khodorov BI (1999) Probing of NMDA channels
with fast blockers. J Neurosci 19:10611–10626.

Sommer B, Kohler M, Sprengel R, and Seeburg PH (1991) RNA editing in brain
controls a determinant of ion flow in glutamate-gated channels. Cell 67:11–19.

Sun Y, Olson R, Horning M, Armstrong N, Mayer M, and Gouaux E (2002) Mecha-
nism of glutamate receptor desensitization. Nature (Lond) 417:245–253.

Taverna FA, Cameron BR, Hampson DL, Wang LY, and MacDonald JF (1994)
Sensitivity of AMPA receptors to pentobarbital. Eur J Pharmacol 267:R3–R5.

Toong S, Xiong ZG, Zavorin SI, Bai D, Orser BA, Thatcher GR, Reynolds JN, and
MacDonald JF (2001) Modulation of AMPA receptors by a novel organic nitrate.
Can J Physiol Pharmacol 79:422–429.

Verdoorn TA, Burnashev N, Monyer H, Seeburg PH, and Sakmann B (1991) Struc-
tural determinants of ion flow through recombinant glutamate receptor channels.
Science (Wash DC) 252:1715–1718.

Wang LY and MacDonald JF (1995) Modulation by magnesium of the affinity of
NMDA receptors for glycine in murine hippocampal neurones. J Physiol (Lond)
486:83–95.

Washburn MS and Dingledine R (1996) Block of �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors by polyamines and polyamine toxins.
J Pharmacol Exp Ther 278:669–678.

Wenthold RJ, Petralia RS, Blahos J 2nd, and Niedzielski AS (1996) Evidence for
multiple AMPA receptor complexes in hippocampal CA1/CA2 neurons. J Neurosci
16:1982–1989.

Winegar BD, Bittner GD, and Leslie SW (1988) Effects of pentobarbital on behav-
ioral and synaptic plasticities in crayfish. Brain Res 475:21–27.

Yakel JL, Lagrutta A, Adelman JP, and North RA (1993) Single amino acid substi-
tution affects desensitization of the 5-hydroxytryptamine type 3 receptor ex-
pressed in Xenopus oocytes. Proc Natl Acad Sci USA 90:5030–5033.

Yamakura T, Sakimura K, Mishina M, and Shimoji K (1995) The sensitivity of
AMPA-selective glutamate receptor channels to pentobarbital is determined by a
single amino acid residue of the �2 subunit. FEBS Lett 374:412–414.

Address correspondence to: Dr. Michael F. Jackson, Department of Phys-
iology, Medical Sciences Bldg., University of Toronto, 1 King’s College Circle,
Toronto, ON M5S 1A8, Canada. E-mail: mike.jackson@utoronto.ca

406 Jackson et al.


