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ABSTRACT 

 Alcohols, inhaled anesthetics and some injectable anesthetics inhibit the 

function of N-methyl-D-aspartate (NMDA) receptors, but the mechanisms 

responsible for this inhibition are not fully understood.  Recently, it was shown that 

ethanol inhibition of the NMDA receptors was reduced by mutation of residues in 

the transmembrane segment (TM) 3 of the NR1 subunit (F639A) or in TM4 of the 

NR2A subunit (A825W), suggesting putative ethanol binding sites.  We 

hypothesized that the actions of other anesthetics might also require these amino 

acids and evaluated the effects of anesthetics on the NMDA receptors expressed in 

Xenopus oocytes with two-electrode voltage-clamp recording.  Effects of hexanol, 

octanol, isoflurane, halothane, chloroform, cyclopropane, F3 and xenon were 

reduced or eliminated in the mutant NMDA receptors, whereas the inhibitory effects 

of nitrous oxide, ketamine and benzene were not affected by these mutations.  

Rapid applications of glutamate and glycine by a T-tube device provided activation 

time constants which suggested different properties of ketamine and isoflurane 

inhibition.  Thus, amino acids in TM3 and TM4 are important for the actions of 

many anesthetics, but nitrous oxide, benzene and ketamine appear to have distinct 

mechanisms for inhibition of the NMDA receptors. 
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Introduction 

 NMDA receptors compose a major class of excitatory ligand-gated ion 

channels. These receptors are one subtype of excitatory glutamate receptors, 

which use the co-agonists glycine and glutamate for activation (Johnson and 

Ascher, 1987).  Recent molecular cloning studies have revealed that NMDA 

receptor subunits consist of NR1, NR2A-D and NR3A-B (Meguro et al., 1992; 

Mascia et al., 2000; Monyer et al., 1992; Chatterton et al., 2002) and that a 

functional receptor is a heterotetramer containing NR1 and other subunit(s) (Laube 

et al., 1998). 

 Several lines of evidence indicate that many anesthetics, including inhaled 

anesthetics, affect excitatory synaptic transmission by inhibiting NMDA receptors.  

The inhibition by halothane of excitatory synaptic transmission in the CNS was first 

reported by Richards (Richards, 1973).  Later, studies in hippocampal slices and 

neurons showed that volatile anesthetics depress activation of neuronal responses 

by NMDA (Yang and Zorumski, 1991; Perouansky et al., 1995).  Moreover, various 

volatile anesthetics inhibit glutamate-stimulated activation of NMDA receptors, 

measured by the binding of MK-801 (Dizocilpine hydrogen maleate), an 

use-dependent NMDA receptor blocker, to rat cerebral cortex (Martin et al., 1995).  

The role of NMDA receptors in spinal cord in the immobilizing action of anesthetics 

is also supported by in vivo studies (Stabernack et al., 2003). 
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 Studies of recombinant receptors also provide evidence for modulation of 

NMDA receptors by volatile and gaseous anesthetics.  Hollmann et al. (2001) 

studied the effects of isoflurane, sevoflurane and desflurane on recombinant 

NR1/NR2A and NR1/NR2B glutamate receptors.  Their findings show that 

clinically relevant concentrations of these anesthetics inhibit NMDA receptors in a 

reversible, dose-dependent and voltage-insensitive manner (Hollmann et al., 2001).  

Similarly, enflurane, urethane, cyclopropane and butane inhibit NMDA-stimulated 

currents in oocytes expressing NMDA receptors (Lin et al., 1993; Hara and Harris, 

2002; Hara et al., 2002).  Another study showed that xenon reduces 

NMDA-activated currents in a noncompetitive manner in rat hippocampal neurons 

(Franks et al., 1998), and both nitrous oxide and xenon moderately inhibit 

recombinant NMDA receptors (Yamakura and Harris, 2000).  Recently, it has been 

reported that ethanol inhibition of NMDA receptors is reduced by mutation of 

phenylalanine (F) residue to alanine (A) in the NR1 subunit (F639A) using oocytes 

and HEK293 cells (Ronald et al., 2001).  In addition, Honse et al. (2004) revealed 

that a tryptophan (W) substitution at alanine (A) 825 in TM4 of the NR2A subunit 

(A825W) increased the half-maximal inhibitory concentration (IC50) of ethanol over 

twofold.  Taken together, these results suggest that both the NR1 and NR2A 

subunits have ethanol sensitive sites. 

 Ketamine is an injectable anesthetic which produces immobility and 
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amnesia by blocking NMDA receptors without influencing GABA or glycine 

receptors.  It is considered to be an open-channel blocker although other 

mechanisms of block may also occur (Orser et al., 1997).  To gain insight into the 

characteristics of anesthetic and n-alcohol actions on NMDA receptors, we 

investigated the effects of a wide range of anesthetics, as well as a non-anesthetic 

compound, on recombinant NR1/NR2A (wild-type), and mutant NR1(F639A)/NR2A, 

NR1/NR2A(A825W) and NR1(F639A)/NR2A(A825W) receptors expressed in 

Xenopus oocytes using a two-electrode voltage-clamp recording system.  We 

tested NMDA receptors composed by NR1/NR2A subunits since these were most 

sensitive to ethanol (Mirshahi and Woodward, 1995).  We also examined the 

mechanism of anesthetic block using a rapid application system in oocytes, which 

allowed us to distinguish changes in activation kinetics produced by competitive 

and open-channel blockers. 
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Materials and Methods 

 Materials. Xenopus laevis female frogs were purchased from Xenopus 

Express (Homosassa, FL).  Isoflurane was from Marsam Pharmaceutical Inc. 

(Cherry Hill, NJ).  Halothane, chloroform, cyclopropane, ketamine, n-hexanol, 

n-octanol, glycine, L-glutamate, benzene and other chemicals were obtained from 

Sigma-Aldrich Inc. (St. Louis, MO).  Nitrous oxide and xenon were purchased from 

Airgas Southwest (San Antonio, TX).  D-(-)-2-Amino-5-phosphonopentanoic acid 

(AP5) was from Tocris Cookson Inc. (Ellisville, MO).  

1-Chloro-1,2,2-trifluorocyclobutane (F3) and 1,2-dichlorohexafluorocyclobutane 

(F6) were obtained from Lancaster Synthesis Inc. (Windham, NH). 

 mRNA synthesis. The cDNAs encoding the human NR1 and NR2A 

subunits were kindly provided by Dr. Thomas Kuner (University of Heidelberg, 

Germany).  The cDNAs of the NR1(F639A) and NR2A(A825W) mutants were 

made by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, 

CA).  These mutants were reported by Ronald et al.(2001) and Honse et al. (2004), 

respectively.  These cDNAs were used for cRNA synthesis using either T7 or SP6 

RNA polymerase.  In vitro transcripts were prepared using the mMESSAGE 

mMACHINETM Kit (Ambion, Austin, TX).  The quality and quantity of these RNAs 

were determined by using the RNA 6000 Nano assay with an Agilent 2100 

Bioanalyzer (Agilent Technologies; Palo Alto, CA). 
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 Oocyte expression. Xenopus laevis female frogs were anesthetized and 

ovarian tissue was dissected according to the guidelines of the Animal Care and 

Use Committees of the University of Texas.  Oocytes were mechanically isolated 

from the ovary and placed in modified Barth’s saline (MBS) containing 88 mM NaCl, 

1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 0.91 mM CaCl2, 0.33 mM Ca(NO3)2, 

and 10 mM N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) 

adjusted to pH 7.5.  Isolated oocytes are enveloped in a follicle cell layer.  The 

layer was first removed manually with fine forceps.  To complete defolliculation, 

oocytes were then exposed to collagenase type 1A solution containing 0.5 mg/ml 

collagenase, 83 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES adjusted to 

pH 7.5 for 10 min.  Oocytes were injected with 40 nl of a 1:1 mixture of NR1 and 

NR2A subunit mRNA, with a concentration of approximately 1 ng/nl.  The injected 

oocytes were singly placed in Corning cell wells (Corning Glass Works, Corning, 

NY) containing incubation medium (sterile MBS supplemented with 10 mg/l 

streptomycin, 100,000 units/l penicillin, 50 mg/l gentamycin, 90 mg/l theophylline, 

and 220 mg/l pyruvate) and incubated at 15-19°C.  Two to four days after injection, 

the oocytes were used in electrophysiological recording. 

 Two-electrode voltage-clamp recording. Oocytes injected with the 

cRNA were placed in a rectangular chamber (~100-µl volume) and continuously 

perfused (2 ml/min) with Mg2+ and Ca2+ free Ringer solution (115 mM NaCl, 2.5 mM 
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KCl, 1.8 mM BaCl2, 10 mM HEPES, pH 7.2) using a peristaltic pump (Cole-Parmer 

Instrument Co. Chicago, IL).  To minimize interference by the Ca2+-activated Cl- 

current, barium chloride was used instead of calcium chloride in the Ringer solution.  

Two-electrode voltage clamp recordings were obtained from injected oocytes using 

a Warner Instruments model OC-725C (Hamden, CT) and oocytes were clamped at 

–70 mV.  The amplitude of expressed NR1/NR2A NMDA receptor-mediated 

currents was typically 1-8 µA, whereas oocytes injected with NR1 subunit alone 

produced at most 50 nA currents.  Recording electrodes were made with a puller 

(P-97; Sutter Instruments Co. Novato, CA) from borosilicate capillary glass 

(Frederick Haer & Co. Bowdoinham, ME) and had a final resistance of 1-5 MΩ when 

filled with 3 M KCl.  All electrophysiological recordings were carried out at a room 

temperature of around 23°C.   

 The bath concentrations of the anesthetics (isoflurane, halothane, 

chloroform, cyclopropane, n-hexanol, n-octanol, nitrous oxide, xenon, F3, ketamine 

and benzene) and nonanesthetic (F6) were determined by gas chromatography.  

Isoflurane, halothane, chloroform, n-hexanol, benzene and ketamine were directly 

dissolved in the Ba2+ Ringer’s solution.  The n-octanol was first dissolved in 

dimethyl sulfoxide (DMSO) then diluted in the Ba2+ Ringer’s solution to a final 

DMSO concentration not exceeding 0.05%.  The Ba2+ Ringer’s solution (20 ml) in a 

sealed glass vial was bubbled with 100% gaseous anesthetics (cyclopropane, 
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nitrous oxide and xenon) at a flow rate of approximately 250 ml/min for at least 10 

min to provide a saturated solution of anesthetic.  The saturated solution was 

introduced into the bath through an 18-gauge polyethylene tube.  The bath 

concentrations of cyclopropane, nitrous oxide and xenon were quantified by gas 

chromatography as previously described, and those were 0.88 atmosphere (atm) 

(133 mM), 0.58 atm (12.2 mM) and 0.46 atm (2.0 mM), respectively.  Saturated 

solutions of F3 and F6 were made by equilibrating 100 µl of each compound in 20 

ml of the Ba2+ Ringer’s solution in a sealed glass syringe, protected from light, for at 

least 24 hours before use.  The saturated solutions of F3 and F6 were 

approximately 15 MAC (or predicted MAC for F6).  MAC is the minimum alveolar 

concentration of anesthetic required to eliminate movement in response to a 

noxious stimulus in 50 % of subjects.  Final solutions of these compounds were 

prepared from the saturated solutions immediately before application.  All 

compounds were tested at a concentration corresponding to MAC (or the predicted 

MAC for F6) in the final bath concentration.  Calculated 1 MAC for isoflurane, 

halothane, chloroform, n-hexanol, n-octanol, F3, F6 and ketamine were 0.32 mM, 

0.25 mM, 1mM, 0.57 mM, 57 µM, 0.8 mM, 17.8 µM and 2 µM, respectively 

(Dildy-Mayfield et al., 1996; Mihic et al., 1994; Idvall et al., 1979; Dayton et al., 

1983; Saidman et al., 1967).  The bath concentration of cyclopropane (0.57 atm, 

12.2 mM) corresponded to approximately 1 MAC (Hara et al., 2002).  Those of 
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nitrous oxide and xenon (0.57 atm, 12 mM and 0.46 atm, 2.0 mM, respectively) 

were comparable to 0.5 MAC (Yamakura and Harris, 2000).  Oocytes were 

perfused with the anesthetics for 1 min before being co-applied with agonists to 

allow for complete equilibration of the oocytes with the compounds.  A 15 min 

washout period was allowed after application of the anesthetic/agonist solutions. 

 T-tube application system. Anesthetic compounds were applied by a 

rapid application system (T-tube), a modification of a Y-tube system (Murase et al., 

1990).  A T-shaped connector was held 1 mm above an oocyte facing toward the 

membrane.  The internal diameter of the open side of the T was 1.2 mm (larger 

than the oocytes tested).  The drugs flowed into one arm of the tube connector by 

a peristaltic pump at 4 ml/min and flowed out from the other hand of the connector 

by another peristaltic pump at a rate little faster that the flow of pump, e.g. 4.2 

ml/min.  At the time of drug application, a stopcock between the T-connector and 

the pump was closed so that the drug would replace the oocyte bath solution rapidly.  

Current were lowpass-filtered at 50 Hz and digitized with a sampling rate of 100 Hz, 

using the Digidata 1200 interface and pClamp7 software (Axon Instruments, Foster 

City, CA) and were also recorded by PowerLab 2/20 and Chart 5 software 

(ADInstruments, Australia).  The current kinetics was analyzed by fitting the curve 

to a single exponential association or dissociation curve using a Chebyshev fit 

method on the pClamp7 software. 
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 Data analysis. Concentration-response data for agonists were fitted to the 

equation, 

I/Imax = F/[1 + (EC50/A)n] 

where I represents the current, Imax ; the maximal current in the absence of 

anesthetic compound, F ; the maximal relative response in the presence of 

anesthetic compound, EC50 ; the agonist concentration for half-maximum response, 

A ; the concentration of agonists, and n ; the Hill coefficient. 

 The activation or inhibition time constants (τ) for the currents were 

measured using pClamp7 software. Data were digitized at 100 Hz and 

lowpass-filtered at 50 Hz.currents.  The τ’s were derived from a Chebyshev fit 

method to the activation or inhibition currents of the equation, 

y = A0 + A1 e-t/τ 

 Data were obtained from 5 to 20 oocytes taken from at least three different 

frogs for each experiment.  Control responses to glutamate/glycine were 

measured before and after applications of anesthetic compounds to minimize 

possible shifts in the control currents as a recording proceeded.  Data are shown 

as means ± standard errors (S.E).  Statistical analysis was conducted by one-way 

analysis of variance (ANOVA) for multiple comparisons and t-test for comparisons 

between two groups, using GraphPad Prism version 4.0a (GraphPad Software Inc., 

San Diego, CA).  Differences were considered as statistically significant at P value 
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less than 0.05.  

 Molecular volumes of anesthetic compounds. Dr. James R. Trudell 

(Stanford University, CA) provided the molecular volumes of anesthetic agents.  

They were built in Spartan V5.1 (Wavefunction, San Diege, CA) and then optimized 

with the Merck MMFF94 forcefield.  The volumes are van der Waals volumes in Å

3/molecule, about 30 % less than obtained by dividing MW/density (ml/mole).   
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Results 

 The glutamate concentration-response relation was determined for each 

receptor with the glycine concentration fixed at 10 µM (Fig. 1A).  Calculated EC50 

values of glutamate for NR1/NR2A (wild-type), mutant NR1(F639A)/NR2A (F639A), 

NR1/NR2A(A825W) (A825W) and NR1(A639F)/NR2A(A825W) (F639A/A825W) 

were 1.9 µM (Hill coefficient 1.26), 1.9 µM (Hill coefficient 1.02), 1.8 µM (Hill 

coefficient 1.04) and 1.9 µM (Hill coefficient 1.20), respectively.  This demonstrates 

that these mutations of the NMDA receptors did not alter the ability of the 

physiological agonist glutamate to activate the receptor in our experimental 

conditions.  Although the concentration-response relations of glycine for the 

receptors were not explored in detail, the 10 µM concentration provided a maximal 

response for all receptors (data not shown).  Isoflurane inhibited the NMDA 

receptor function noncompetitively (Fig. 1B).  The glutamate EC50 values of the 

wild-type receptor with and without isoflurane were 1.9 ± 0.6 and 1.8 ± 0.5 µM, 

respectively (n = 4).  For ketamine and isoflurane, the half-maximal inhibitory 

concentrations (IC50) were 1.4 ± 0.4 µM for ketamine and 0.56 ± 0.03 mM for 

isoflurane (Fig. 1C). 

 Isoflurane, halothane and chloroform significantly inhibited the currents 

produced by wild-type receptors (Fig. 2A).  For isoflurane, the inhibition was 68 ± 3 

(n = 12), 49 ± 4 (n = 18) and 29 ± 5 (n = 8) % of control responses at the 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 18, 2006 as DOI: 10.1124/jpet.106.101691

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 101691 

15 

concentrations corresponding to values of 1 MAC, 2 MAC and 3 MAC (p < 0.001, 

Fig. 2B).  This is consistent with a report showing about 35 % inhibition by 1 MAC 

isoflurane (Hollmann et al., 2001).  Halothane also inhibited the currents to 73 ± 2, 

61 ± 6 and 50 ± 5 % of control at 1 MAC, 2 MAC and 3 MAC, respectively (p < 0.001, 

Fig.2B).  Chloroform had similar effects and inhibited the wild-type to 79 ± 2 % of 

control at 1 MAC, 64 ± 10 % of control at 2 MAC and 49 ± 5 % at 3 MAC (p < 0.001, 

Fig. 2B).  On the other hand, the F639A mutation markedly reduced the sensitivity 

to isoflurane (at 96 ± 3 % of control), and abolished the effects of halothane (99 ± 

3 %) and chloroform (97 ± 4 %) on the currents at 1 MAC (Fig. 2B).  Likewise, 

A825W eliminated the inhibition of isoflurane (at 98 ± 4 % of control), halothane (99 

± 3 %) and chloroform (98 ± 4 %) at 1 MAC (Fig. 2B). 

 Both n-hexanol and n-octanol suppressed the currents of the wild-type 

receptors in a concentration-dependent manner (Fig. 3).  At a concentration 

corresponding to 1 MAC, n-hexanol and n-octanol significantly inhibited the currents 

to 70 ± 3 % (p < 0.001) and 81 ± 2 % (p < 0.01), respectively (Fig. 3).  The F639A 

mutation reduced the inhibition of n-hexanol (98 ± 1.12 %) and abolished the effects 

of n-octanol (99.8 ± 1.12 %) on the currents at 1 MAC (Fig. 3).  Additionally, 

A825W also eliminated the inhibition of n-hexanol (101.2 ± 1.2 %) and n-octanol 

(100 ± 1.24 %) at 1 MAC (Fig. 3).   

 Nitrous oxide, xenon and cyclopropane reduced the currents mediated by 
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the wild-type receptors to 77 ± 10 (p < 0.01), 58 ± 3 (p < 0.001) and 63 ± 2 (p 

<0.001) % of control, respectively (Fig. 4).  The F639A and A825W mutations 

reduced the xenon inhibition to 87 ± 2 and 69.4 ± 1.2 % of control, respectively, and 

eliminated the inhibitory effect of cyclopropane (Fig. 4).  Surprisingly, nitrous oxide 

inhibition of the mutant receptors was similar to that seen with wild-type (Fig. 4).   

 Both F3 and F6 are predicted by their lipid solubilities to be anesthetics 

and are structurally similar.  However, F3 produces anesthesia in vivo, while F6 

does not (Koblin et al., 1994).  We found that F3 significantly inhibited the wild-type 

to 80 ± 3 % of control at 2 MAC (p < 0.05), whereas F6 had little effect on the 

receptor (Fig. 5).  The inhibition by F3 at 2 MAC was relatively weak compared 

with that of other anesthetics (Fig. 2B), and even at the saturated concentration 

(about 15 MAC), F3 showed only about 30% inhibition (Fig. 5).  For the F639A and 

A825W receptors, F3 and F6 had no effects (Fig. 5).   

 We next tested five anesthetics on receptors containing both the NR1 and 

the NR2A mutant subunits (F639A/A825W).  F639A/A825W was not affected by 

isoflurane or chloroform and reduced the xenon inhibition although these 

compounds significantly suppressed the wild-type-mediated currents (Fig. 6).  The 

A825W mutation attenuated xenon inhibition (69 % of control) compared with the 

wild-type (58 % of control); xenon decreased both the wild-type and A825W 

mediated currents (p < 0.001) compared to control responses.  Xenon caused a 
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statistically (p < 0.05), but likely unimportant, decrease in the F639A/A825W 

mediated currents (93 % of control).  Interestingly, nitrous oxide and ketamine 

inhibited all of the mutant NMDA receptors to the same extent as the wild-type 

NMDA receptors (Fig. 4 and 6).  

 Benzene has been shown to inhibit function of the wild-type NMDA 

receptors (Raines et al., 2004), and we tested this compound on the mutant 

receptors.  The inhibitory action of benzene was not affected by mutation of NR1, 

NR2A or the combined mutations (Fig. 7).   

 Although all of the anesthetics inhibited the NMDA receptor functions, the 

effects of mutation suggested different mechanisms of inhibition.  We asked if 

more rapid application of glutamate might reveal differences in the features of the 

inhibition produced by two of the anesthetics, isoflurane and ketamine.  We 

employed a T-tube system to provide a rapid application of drugs to the oocytes.  

Measurements of junction potential with an open tip pipette showed that the solution 

exchange took place within 50 ms (Fig. 8A).  In comparison, bath application of 

drugs took about 15 seconds to obtain maximal currents (Fig. 8B), while currents 

reached their peak within a second when agonists were applied through the T-tube 

system (Fig. 8C), indicating that whole-oocyte exchange time with the T-tube 

system would be much faster than with bath application.  To determine if this 

application system could distinguish the blocking effects of ketamine, an 
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open-channel blocker, and AP5, a competitive blocker at the glutamate site, 

activation kinetics of the NMDA receptors were examined in the presence of these 

blockers.  Current kinetics of NMDA receptors were analyzed by fitting the curves 

to a single exponential association or dissociation curve, and the time constant 

given as τ.  For the control time constant (control τ), currents were elicited by 10 

µM glycine and 2 µM glutamate applied for 10 seconds via the T-tube (Fig. 8D, E); 

this was 0.85 ± 0.11 sec (n = 53).  The effect of co-application of ketamine (2 µM) 

is shown in Figures 8D and E.  This concentration of ketamine (2 µM) did not 

change the time constant of the response (0.88 ± 0.22 sec, n = 8) and the inhibition 

by ketamine (Fig. 8E, a/b) gradually increased over 6 seconds. The maximum 

inhibition by ketamine was 55 ± 3 %, and this was consistent with results obtained 

from the bath application system in our experiments.  AP5 (2 µM) was also 

co-applied with agonists through the T-tube and this concentration of AP5 

significantly delayed the time constant of control (4.47 ± 1.2 sec, n = 8) and the 

inhibition by AP5 reached a maximum within 500 ms (Fig. 8F, G).  Thus, by use of 

the rapid application T-tube system, the ketamine and AP5 effects could be 

distinguished. 

 To study isoflurane action, we applied glutamate and glycine with 1 or 2 

MAC isoflurane through the T-tube application system with or without a 1 minute 

isoflurane pretreatment.  Without pretreatment, 1 MAC isoflurane applied together 
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with agonists slightly, but not significantly, increased the activation time constant 

from 0.85 ± 0.1 sec to 1.36 ± 0.2 sec, while 2 MAC isoflurane significantly slowed 

activation (1.77 ± 0.35 sec, n = 15) (Fig. 9A, B).  Inhibition by 1 MAC and 2 MAC 

isoflurane without pretreatment were 88 ± 1 and 72 ± 3 % of control, respectively 

(Fig. 9A).  Including a 1 min preapplication of isoflurane increased inhibition: 2 

MAC isoflurane increased the activation time constant significantly (5.9 ± 1.9 sec, n 

= 17) and inhibited function by 50 ± 4 % (Fig. 9A, B).  Inhibition by isoflurane 

reached a maximum immediately (Fig. 9B).  Similar results were observed with 1 

MAC isoflurane (data not shown).   

 We also evaluated the effect of 2 MAC isoflurane on the activation time 

constant of F639A.  The control time constant of F639 was determined to be 0.94 ± 

0.06 sec, and this was not significantly different from that of the wild-type NMDA 

receptors (0.85 ± 0.1 sec).  The 2 MAC Isoflurane with 1 min pretreatment did not 

show significant effect on the time constant (0.96 ± 0.14 sec). 

 AP5 (2 µM), ketamine (2 µM, 1 MAC) and isoflurane (1 and 2 MAC) were 

applied during activation to obtain the inhibition time constants of these drugs (Fig. 

9 C).  To compare the inhibition rates, currents were obtained in every 10 ms until 

they leveled off and fitted by single exponential function.  The inhibition time 

constants of AP5, ketamine, 1 MAC isoflurane and 2 MAC isoflurane were 5.1 ± 0.9, 

20.5 ± 3.5, 5.9 ± 1.4 and 5.8 ± 1.3 sec, respectively (Fig. 9 D). 
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Discussion 

 The main aim of this study was to compare the action of a diverse class of 

anesthetic agents on wild-type and mutant NMDA receptors to determine if single 

amino acid mutations could abolish the actions of these drugs.  Furthermore, we 

hoped that these mutations could distinguish among the anesthetics to delineate 

different functional groups based on their mechanism of inhibition of NMDA 

receptors.   

 We found that isoflurane, halothane and chloroform suppressed NMDA 

receptor function by 22 to 32 % at concentrations corresponding to 1 MAC.  This is 

consistent with a report showing about 35 % inhibition by 1 MAC isoflurane 

(Hollmann et al., 2001).  Isoflurane inhibited the receptor noncompetitively in our 

study and Hollmann et al. (2001) also showed that glutamate, glycine and 

magnesium concentrations did not influence anesthetic inhibition of NMDA 

receptors.  In this study, a wide range of inhaled anesthetics, n-alcohols and 

ketamine inhibited NMDA receptor-mediated currents in oocytes expressing NMDA 

receptors, confirming and extending the work of others (Yamakura and Harris, 

2000; Hollmann et al., 2001; Hara et al., 2002).  Koblin et al. (1994) define a 

non-immobilizer as a compound that lacks any anesthetic (immobilizing) effect even 

though it was predicted to be an anesthetic by its lipid solubility (Meyer-Overton 

relationship).  It is important to note that the lipid soluble non-immobilizer, F6, does 
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not inhibit NMDA receptor function.  Thus, the effects of the 11 compounds tested 

in the present work are consistent with inhibition of NMDA receptor function playing 

a role in anesthesia.  

 A key question is whether actions of this diverse group of compounds can 

be reduced or prevented by mutation of NMDA receptor subunits.  We selected the 

F639A mutation in the NR1 subunit and the A825W mutation in the NR2A subunit 

based on reports by others (Ronald et al., 2001; Honse et al., 2004) that these 

mutations reduce the ability of ethanol to inhibit channel function.  Ronald et al 

(2001) constructed 11 mutations in the NR1 subunit and found that the F639A was 

most effective at reducing actions of ethanol.  Honse et al (2004) tested five 

mutations in the TM4 region of the NR2A subunit (positions 821, 822, 824, 825, 

826) and found that the A825A mutation reduced the action of ethanol on the 

channel yet did not affect the NMDA EC50.  The studies found that the F639A or 

A825W did not completely block the actions of ethanol, but produced a partial 

reduction.  For example, 100 mM ethanol inhibited the wild type receptor by about 

30% and the F639A mutant by 15% (Ronald et al., 2001).  Thus, previous results 

with ethanol are similar to our present results with xenon, where the mutants only 

partially prevented the inhibitory action (Table 1).  However, for most of the 

anesthetics, the results were much more striking than for ethanol as the mutations 

produced almost complete blockade of the actions of even high concentrations of 
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anesthetic.  For example, 3 MAC isoflurane inhibited the wild type receptor by 

about 70% but only inhibited receptors containing F639A or A825W by 15-20%.  

Complete, or almost complete, removal of drug action was also obtained with 

halothane, chloroform, hexanol, octanol, cyclopropane and F3.  Equally striking 

was the complete lack of effect of the mutations on the actions of nitrous oxide and 

benzene.  Recently, Raines et al. (2004) reported that aromatic anesthetic 

compounds, such as benzene, inhibited NR1/NR2B receptors and demonstrated 

that the inhibitory potency was independent of molecular volume, but it correlated 

strongly with the ability to engage in cation-π interactions.  This interaction 

between π electrons in aromatic compounds and cationic charges in protein 

residues is recognized as an important molecular force for binding of ligands to 

receptor targets.  Thus, it is possible that some, but not all, of these agents require 

a positively charged amino acid in the binding site. 

 A critical question is whether these mutations reduce anesthetic action 

because the decrease the binding of the drugs to the NMDA receptor subunits.  

Mutations of other ligand-gated ion channels suggest such a mechanism (Lobo and 

Harris, 2005; Yamakura et al., 2001), but the present results are not sufficient to 

delineate a binding site.  For example, in the GABAA and glycine receptors, 

introduction of larger amino acids reduced the actions of anesthetics and changed 

the alcohol ‘cut-off’ in a manner consistent with a binding cavity (Wick et al., 1998; 
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Jenkins et al., 2001), but for the 639 site, introduction of a smaller amino acid 

(F639A) reduced the anesthetic action.  In studies with the glycine receptor, the 

two sites that were shown to be effective in preventing anesthetic action are known 

to face each other (Lobo and Harris, 2005).  However, the F639 and A825 sites 

that reduced anesthetic inhibition of NMDA receptors in the present study are on 

different subunits. These sites probably do not contribute to a common binding 

pocket since NMDA receptors are thought to exist as a dimer of dimers with NR1s 

and NR2s associating with one another (Furukawa et al., 2005; Schorge and 

Colquhoun, 2003).  In addition, tryptophan substitution at positions in the NR1 TM4 

domain that are analogous to A825 in the NR2A subunit do not, by themselves, 

reduce ethanol inhibition of NMDA receptors (Thetford Smothers and Woodward, 

2006).  However, these substitutions restore normal ethanol inhibition in receptors 

carrying the F639A mutation (Thetford Smothers and Woodward, 2006).  Although 

similar studies have not yet been done with the NR2A subunit, these results 

suggest that both NR1 and NR2 subunits may contain complementary binding 

pocket for anesthetics that, when occupied, disrupt channel opening.  Thus, it is 

likely that at least one of these sites is involved in ‘transduction’ rather than binding 

and is able to reduce anesthetic action without decreasing binding of drugs to the 

receptor.  Studies with methanethiosulfonates or other covalent labeling reagents, 

as used with other ligand-gated ion channels (Mascia et al., 2000; Lobo et al., 2004), 
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will be required to determine if either of these amino acids forms part of an 

anesthetic binding site.  Regardless of whether either of these sites are critical for 

anesthetic binding, the mutations are clearly able to differentiate nitrous oxide, 

benzene and ketamine from most of the other anesthetic agents, indicating multiple 

mechanisms of action on the NMDA receptor.  These differences are not related to 

the molecular volumes of these drugs (Table 1). 

 To define differences in drug action on the NMDA receptors, we 

established a rapid application system using a T-tube connector.  Our results of 50 

ms for solution exchange and the activation time constant of 850 ms for the control 

NMDA current indicate that our system is useful for oocyte studies.  We were able 

to distinguish differences in the NMDA receptor activation time constant produced 

by co-application of AP5 (4.47 sec) or ketamine (0.88 sec).  These results indicate 

a rapid inhibition by AP5.  Ketamine did not change the time constant in 

comparison with the control (0.85 sec), and the inhibition gradually increased over 6 

seconds, suggesting an open channel blockade.  Our results also showed more 

rapid inhibition by isoflurane than by ketamine when these drugs were co-applied 

with glutamate/glycine.  From these results, isoflurane does not appear to be a 

use-dependent (open channel) blocker. Since the inhibition time constant of 

isoflurane was faster than that of ketamine (20.5 sec) but slower than that of AP5 

(5.1 sec), our results indicate that the mechanism of isoflurane inhibition is different 
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from that of ketamine and AP5.  This is consistent with previous studies showing 

that the relatively slow onset of isoflurane may result from “soaking” in the receptor 

(Criswell et al., 2004).  Our use of a non-saturating concentration of glutamate 

means that the activation rates should primarily reflect the binding rate of glutamate 

to the receptor, rather than the rate of opening of fully-bound receptor (thus the 

slowing of the activation rate by AP5).  The unexpected effect of isoflurane on this 

process may indicate that the allosteric action of isoflurane which changes channel 

gating also changes glutamate binding.  Such a ‘backward’ connection between 

gating and binding has often been proposed (Colquhoun, 1998). 

 In conclusion, we found that amino acid substitutions in the TM3 of NR1 

and TM4 of NR2A subunits of the NMDA receptor reduce the action of many, but 

not all anesthetic agents.  A question for future studies is whether these amino 

acids participate in the binding of anesthetics to the protein as has been suggested 

for transmembrane residues in other ligand-gated ion channels (Mascia et al., 

2000).   
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LEGENDS FOR FIGURES 

Figure 1: A. Glutamate concentration-current response curves for the wild-type and 

mutant NMDA receptors (NR1/NR2A); filled circles: wild-type (n = 4), open circles: 

F639A (n = 5), triangles; A825W (n = 6) , inverted triangles; F639A/A825W (n = 4 ).  

Normalized currents and glutamate concentrations (M) are shown in vertical and 

horizontal axes, respectively.    B. Glutamate concentration-current response 

curves for wild-type NMDA receptors (with 10 µM glycine) with (open circles) and 

without (filled circles) 1 MAC isoflurane (n = 4).  Normalized currents and 

glutamate concentrations (M) are shown in vertical and horizontal axes, 

respectively.  C. Concentration-current response curves for ketamine (open 

circles) and isoflurane (filled circles) inhibition of wild-type NMDA receptors.  

Percent of control responses and anesthetic concentrations (M) are shown in 

vertical and horizontal axes, respectively.  The half-maximal inhibitory 

concentration (IC50) was 1.4 ± 0.4 µM for ketamine and 0.56 ± 0.03 mM for 

isoflurane.  The currents were evoked by a maximal glycine concentration (10 µM) 

and EC50 glutamate applied for 30 sec.  Anesthetic compounds were applied for 1 

minute and then applied with agonists for 30 seconds.  All data are expressed as 

mean ± S. E.  

Figure 2: A. Representative tracings of current responses of the wild-type NMDA 

receptors (NR1/NR2A) before, during and after perfusion of 1 MAC isoflurane, 
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halothane or chloroform.  Currents were stimulated with a maximal glycine 

concentration and EC50 glutamate for 30 sec (Glu/Gly).  Applications of anesthetic 

agents are indicated by filled bars (1.5 min.).  B. Effects of isoflurane, halothane or 

chloroform on the wild-type and mutant (F639A and A825W) NMDA receptors at 

concentrations of 1 MAC (open bars), 2 MAC (gray bars) or 3 MAC (closed bars).  

Bars indicate mean ± S.E. (n = 5-15) as percent of controls.  *: P < 0.05, **: P < 

0.01, ***: P < 0.001, compared to control responses, using one-way ANOVA.  

Figure 3: Effects of n-alcohols on wild-type and mutant (F639A and A825W) NMDA 

receptors.  Effects of n-hexanol (left) and n-octanol (right) are given at 

concentrations of 1 MAC (open bar), 2 MAC (grayed bar) or 3 MAC (closed bar).  

Bars indicate mean ± S. E. (n = 5-15) as percent of controls.  *: P < 0.05, **: P < 

0.01, ***: P < 0.001, compared to control responses, using one-way ANOVA. 

Figure 4: Effects of nitrous oxide, xenon and cyclopropane on the wild-type (open 

bar), F639A (gray bar) and A825W (closed bar) NMDA receptors.  The bath 

concentrations of cyclopropane, nitrous oxide and xenon corresponded to 

approximately 1, 0.5 and 0.5 MAC, respectively.  Bars and errors indicate mean ± 

S.E. (n = 5-15) as percent of controls.  **: P < 0.01, ***: P < 0.001, compared to 

control responses, using one-way ANOVA. 

Figure 5: Inhibition of the NMDA receptors by an anesthetic (F3) but not by a 

non-anesthetic (F6).  Currents stimulated with a glycine concentration of maximum 
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response (10 µM) and EC50 glutamate for 30 sec (Glu/Gly) are shown.  A. Tracings 

obtained from a single oocyte expressing the wild-type NMDA receptors show the 

effects of 2 MAC F3.  Agonists were applied for 30 sec following 1-minute 

pretreatment of F3.  B. Tracings show the effect of 2 MAC (predicted) F6 on the 

responses of wild-type NMDA receptors.  C.  Effects of F3 (white bar) and F6 

(gray bar) on wild-type NMDA receptors (left panel).  Saturated solutions of both 

F3 (striped bar) and F6 (striped gray bar) correspond to about 15 MAC.  Effects of 

F3 or F6 at 2 MAC on mutant receptors are shown in the right panel.  Values are 

expressed as mean ± S.E. (n = 9-19) as percent of controls.  *: P< 0.05, and **: P< 

0.01, compared to control using one-way ANOVA. 

Figure 6: Effects of anesthetics on wild-type (open bars) and F639A/A825W mutant 

(lattice bars) receptors are shown on the left.  Isoflurane and chloroform were 

applied at 1 MAC, nitrous oxide and xenon at 0.5 MAC.  A paired Student’s t test 

was used to determine significance of differences in the responses before (control) 

and after treatment of anesthetics (+: P < 0.05, ++: P < 0.01, +++: P < 0.001).  An 

unpaired t test was conducted for comparison of wild-type and F639A/A825W (##: 

P < 0.01, ###: P < 0.001).  Effects of 1 MAC ketamine on the wild-type (open bar), 

F639A (gray bar), A825W (closed bar) and F639A/A825W (lattice bar) are also 

shown at right.  2 µM ketamine was used as 1 MAC in our experiments.  Bars and 

errors indicate mean ± S.E. (n = 5-15) as percent of controls.  *: P < 0.05, **: P < 
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0.01, ***: P < 0.001, compared to control responses, using one-way ANOVA. 

Figure 7: Concentration-current response curves for benzene inhibition of wild-type 

and mutant NMDA receptors.  Filled circles: wild-type (n = 5), open circles: F639A 

(n = 5), open triangle; A825W (n = 5), inverted triangle; F639A/A825W (n = 5).  

Currents were evoked by a maximal glycine concentration (10 µM) and EC50 

glutamate for 30 sec.  Benzene was applied for 1 minute, and then applied with 

agonists for 30 seconds.  All data are expressed as mean ± S.E.  Percent of 

control values and benzene concentrations (M) are shown.  Half-maximal 

inhibitory concentration (IC50) and Hill coefficients of benzene on wild-type, F639A, 

A825W and F639A/A825W receptors were 0.17, 0.16, 0.18, 0.17 mM, and 1.26, 

1.06, 1.04, 1.20, respectively.  

Figure 8A-C: Examination of the speed of solution exchange with the T-tube drug 

application system.  Ringer solution containing 115 mM NaCl was continuously 

perfused at a rate of 2 ml/min to the oocyte bath, and a solution containing 20 mM 

NaCl was perfused at a rate of 4 ml/min though the T-tube.  When the stopcock in 

the downstream of the T-connector was closed, 20 mM NaCl containing solution 

rapidly came to the bath.  The time course of changes in the voltage is taken as an 

indicator of the speed of solution change.  A. Measurements of junction potential 

with an open tip pipette indicates that the solution exchange took place within 50 ms.  

Representative tracings of current responses of the wild-type NMDA receptors 
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induced by the maximal concentration of glutamate and glycine applied using the 

bath application system (B) and the T-tube application system (C).  Closed bars 

indicate the duration of drug application time.  For comparison, the same tracings 

are shown in the reduced time scale (B’ and C’), which is similar to the scales 

shown in figures 2 and 5.  Figure 8D-G: Effects of ketamine and AP5 on activation 

kinetics using the T-tube application system.  D, Superimposed representative 

tracings obtained from a single oocyte.  The currents were evoked by 10-second 

application of 10 µM glycine and 2 µM glutamate together with (a) or without (b) 2 

µM ketamine.  E, Time course of ketamine induced suppression on the currents 

(as % of maximal response) and ratio (a/b) of the control and ketamine currents.  

Currents obtained from D were normalized to the maximal control response and 

plotted every 10 ms.  This result is representative of the 6 oocytes studied.  F, 

Superimposed representative tracings obtained from a single oocyte.  The 

currents were evoked by 10-second application of 10 µM glycine and 2 µM 

glutamate together with (c) or without (d) 2 µM AP5.  G, Time course of AP5 

induced suppression on the currents and % ratio (c/d) of the AP5 effect. Currents 

obtained from F were normalized to the maximal control response and plotted in 

every 10 ms.  This result is representative of the 6 oocytes studied.  Curves were 

fitted with a single exponential function and the resulting K values were used for 

comparing the activation kinetics. 
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Figure 9A. B: Effects of isoflurane on the activation kinetics of the NMDA receptors.  

A, Superimposed representative tracings obtained from a single oocyte using the 

T-tube drug application system.  The currents were evoked by a 10-sec application 

of 10 µM glycine and 2 µM glutamate (a), co-application of glycine and glutamate 

with 2 MAC isoflurane (b), or co-application of glycine, glutamate and 2 MAC 

isoflurane following a 1 minute preincubation of 2 MAC isoflurane (c).  B, Time 

course of 2 MAC isoflurane (b, c) induced suppression on the currents and % ratio 

(b/a, c/a) of the isoflurane effects.  Currents obtained from A were normalized to 

the maximal control response and plotted in every 10 ms.  The average responses 

(from 15-17 oocytes) is shown in this figure.  9C, D: Kinetics of block by AP5, 

ketamine and isoflurane on the NMDA receptors.  C, Representative tracings from 

a single oocyte showing the blockade of currents (10 µM glycine, 2 µM glutamate) 

by 2 µM AP5, 2 MAC isoflurane or 2 µM ketamine.  Closed bars indicate the 

duration of drug applications.  Inhibitors were applied until their effects leveled off.  

D, Time course of block by AP5, isoflurane and ketamine.  Data obtained from C 

were normalized to the initial points of the block and plotted every 10 s.  Plotted 

data were fitted with single exponential function until they reach maximal inhibition 

and used to determine the inhibition time constant.  The average results (from 5 

oocytes) is shown in this figure. 
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Table 1: Summary of effects of anesthetics on the wild type and mutant NMDA 

receptors.  Drugs were tested at concentrations corresponding to 1 MAC, except 

nitrous oxide and xenon were tested at approximately 0.5 MAC, and F3 and F6 

were tested at 2 MAC.  ↓: P < 0.05, ↓↓: P < 0.01, ↓↓↓: P < 0.001, compared to 

control responses, using one-way ANOVA and t test, 0: no significant difference 

from control, NT: not tested.  Molecular volumes (in Å3) were provided by Dr. 

James R. Trudell (Stanford University, CA) and calculated as described in the 

Methods section.  

Compare with the wild-type, the mutant NMDA receptors were suppressed by 

nitrous oxide, ketamine and benzene at same extent, whereas xenon varied the 

effects: *** The A825W attenuated xenon inhibition compared with the wild-type,  * 

Xenon’s effects on the F639A/A825W are very slight. 
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