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The NR3B Subunit Does Not Alter the Anesthetic
Sensitivities of Recombinant N-Methyl-D-Aspartate Receptors
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Tatsuro Kohno, MD, PhD*, Hiroshi Baba, MD, PhD*, and Kenji Sakimura, PhD†

*Division of Anesthesiology, Niigata University Graduate School of Medical and †Dental Sciences; Department of Cellular
Neurobiology, Brain Research Institute, Niigata University, Niigata, Japan

The N-methyl-d-aspartate (NMDA) receptor NR3B
subunit co-assembles with NR1 and NR2 subunits to
form a receptor complex with distinct channel proper-
ties. In the present study, we investigated the effects of
co-expression of the NR3B subunit on the anesthetic
sensitivities of NMDA receptors for NR1/NR2 chan-
nels expressed in Xenopus oocytes. Although the NR3B
subunit prominently reduced the current amplitude of
NR1/NR2A-B channels, the sensitivities of NR1/
NR2A-B channels to Mg2�, ketamine, isoflurane, ni-
trous oxide, and ethanol were not altered by co-
expression of the NR3B subunit. These results suggest

that the anesthetic sensitivities of NMDA receptors do
not depend on the presence or absence of the NR3 sub-
unit. Mutations of two amino acid residues in the NR3B
subunit at positions homologous to the N and N � 1
sites in the NR1 and NR2 subunits, which constitute the
blocking sites for Mg2� and ketamine, did not affect the
sensitivities of NR1/NR2B/NR3B channels to Mg2�,
ketamine and isoflurane. Thus, the amino acid residues
at the N and N � 1 sites in NR3 subunits are unlikely to
be involved in the formation of channel blocking sites in
NR1/NR2/NR3 channels.

(Anesth Analg 2005;100:1687–92)

S everal studies on the mechanisms of general anes-
thesia suggest that ligand-gated ion channels are
an important target of general anesthetics. These

channels include the inhibitory �-aminobutyric acid
(GABA) and glycine receptors and the excitatory nico-
tinic acetylcholine, serotonin, and glutamate receptors.
Among the ligand-gated ion channels, the GABA type A
receptor is considered to be a prime target of volatile and
IV anesthetics (1,2), whereas the N-methyl-d-aspartate
(NMDA) receptor, one of the glutamate receptor sub-
types, is considered to be an important target of disso-
ciative and gaseous anesthetics (3–5).

The NMDA receptor is composed of at least two fam-
ilies of subunits, the NR1 (mouse �) and NR2 (mouse �)
subfamilies. The functional properties of NR1/NR2 het-
eromeric NMDA receptors are determined by the con-
stituting NR2 subunit species (NR2A-D) (6). In addition
to the main classes of NMDA receptor subunits, NR3

subunits (NR3A and NR3B) have been shown to mod-
ulate the function of NMDA receptors. When co-
expressed with NR1 and NR2 subunits in heterolog-
ous cells, NR3 subunits reduce the agonist-induced
whole-cell currents, channel conductance and Ca2�-
permeability of NMDA receptors (7–13). The NR3A sub-
unit is ubiquitously expressed during development,
with only low levels present in adult animals (7,8). In
contrast, the NR3B subunit mRNA shows very restricted
expression in somatic motoneurons of the brainstem and
spinal cord at almost constant levels during develop-
ment (10,12).

A recent study demonstrated that spinal NMDA
receptors contribute to the immobilizing action of
isoflurane (14). Given the motoneuron-specific local-
ization of the NR3B subunit in the spinal cord, which
is the primary site mediating immobilization (15), the
NR3B subunit may play a role in determining the
immobility produced by general anesthetics.

In the adult spinal cord, NR2A and NR2B subunit
mRNAs are the predominant transcripts, whereas the
expressions of NR2C and NR2D subunit mRNAs are
insignificant (16). Furthermore, we previously demon-
strated the presence of the NR2A and NR2B subunits
at the protein level in the adult mouse spinal cord (17).

In the present study, we used a Xenopus oocyte ex-
pression system to determine whether co-expression of

Supported, in part, by a grant-in-aid (13557130) from the Japanese
Ministry of Education, Culture, Sports, Science and Technology,
Tokyo, Japan.

Accepted for publication November 18, 2004.
Address correspondence and reprint requests to Tomohiro Ya-

makura, MD, PhD, Division of Anesthesiology, Niigata University
Graduate School of Medical and Dental Sciences, Niigata 951–8510,
Japan. Address e-mail to yamakura@med.niigata-u.ac.jp.

DOI: 10.1213/01.ANE.0000152324.30272.49

©2005 by the International Anesthesia Research Society
0003-2999/05 Anesth Analg 2005;100:1687–92 1687



the NR3B subunit altered the sensitivities of NR1/
NR2A-B NMDA receptors to dissociative (ketamine),
volatile (isoflurane), and gaseous (nitrous oxide) anes-
thetics and alcohol (ethanol).

Methods
This study was approved by the Committee for Guide-
lines on Animal Experimentation of Niigata University.
The spinal cord was removed from 8-wk-old C57BL/6
mice. Mouse total RNA was isolated using the Isogen
reagent (Nippon Gene, Tokyo, Japan). First-strand cD-
NAs were generated using an Advantage RT-for-PCR
Kit (Clontech, Palo Alto, CA). To isolate the mouse NR3B
subunit cDNA by reverse transcriptase-polymerase
chain reaction (RT-PCR), the following primers were
used: NR3B forward, 5'-GGGCCATGGAGTGTGTGCA-
GACG-3'; and NR3B reverse, 5'-CCCTCTAGATCAGC-
TCTCGGCGGGCGCCG-3'. The obtained cDNA was
subcloned into the pSP35T vector (18) to yield
pSPGRNR3B. To construct an NR3B-G629N/R630N
mutant subunit, the amino acid residues glycine 629 and
arginine 630 were replaced with asparagine residues
using a QuikChange mutagenesis kit (Stratagene, La
Jolla, CA). All constructs were verified by DNA
sequencing.

Subunit-specific mRNAs were synthesized in vitro
with SP6 RNA polymerase (MEGAscript; Ambion,
Austin, TX) in the presence of the cap dinucleotide
7mGpppG. The NR1, NR2A, and NR2B subunit-
specific mRNAs were synthesized using pSPGR�1,
pSPGR�1, and pSPGR�2, respectively (19). The NR3B
and NR3B-G629N/R630N subunit-specific mRNAs
were synthesized using EcoRI-cleaved pSPGRNR3B
and pSPGRNR3B-G629N/R630N as templates, re-
spectively. Xenopus laevis oocytes were injected with
the NR1 and NR2 subunit-specific mRNAs with or
without the NR3B subunit-specific mRNA. The total
amounts and molar ratios of the injected NR1, NR2,
and NR3B subunit mRNAs per oocyte were adjusted
so that a considerable reduction in the current ampli-
tude of NR1/NR2 channels was observed when the
NR3B subunit was co-expressed: �3.8 ng in a 1:1:12.5
molar ratio for the NR1/NR2A/NR3B channel, �3.3
ng in a 1:1:6 molar ratio for the NR1/NR2B/NR3B
channel, and �1.8 ng in a 1:1:2.5 molar ratio for the
NR1/NR2B/NR3B-G629N/R630N channel, unless
otherwise specified. Under these conditions, compa-
rable current amplitudes (100–400 nA) were observed
for each combination of NR subunits. For the expres-
sion of NR1/NR2A and NR1/NR2B channels, the to-
tal amounts of NR1 and NR2 subunit mRNAs injected
per oocyte were decreased to obtain current ampli-
tudes that were comparable to that of NR1/NR2/
NR3B channels (�0.2 ng in a 1:1 molar ratio).

After incubation at �19°C for 1–2 d, whole-cell cur-
rents evoked by bath-application of agonists for �15 s

were recorded at �70 mV membrane potential using a
conventional 2-micropipette voltage clamp. The current
amplitudes of NR1/NR2 channels were measured in
Ba2�-Ringer’s solution to minimize the effects of
secondarily-activated Ca2�-dependent Cl� currents. The
effect of anesthetics on the current responses to 10 �M
l-glutamate plus 10 �M glycine was examined during
continuous perfusion of the anesthetics. Preapplication
of the anesthetics in the absence of agonists produced no
current response. The agonists were applied successively
(two or three times) during the perfusion of ketamine to
fully establish the inhibition as described previously (19).
The Ba2�-Ringer’s solution contained 115 mM NaCl, 2.5
mM KCl, 1.8 mM BaCl2, and 10 mM HEPES-NaOH (pH
7.4). The anesthetic solutions were prepared as described
previously (20). The anesthetic concentrations in the text
represent the final bath concentrations quantified by gas
chromatography as described previously (20). For ni-
trous oxide, the concentration tested (�0.6 atmosphere)
was the maximal concentration that could be achieved in
our perfusion system. Data were obtained from 3–11
oocytes taken from at least 2 different frogs. All experi-
ments were conducted at room temperature (23°C).

The EC50 (agonist concentration for half-maximal
response) values for agonists of the NR1/NR2 and
NR1/NR2/NR3B channels were calculated according
to the equation Fago � 1/[1 � (EC50/A)n], where Fago
represents the fractional response, A is the concentra-
tion of the agonist, and n is the Hill coefficient. The
IC50 (inhibitor concentration for half-control response)
and Hill coefficient values for ketamine for the NR1/
NR2 and NR1/NR2/NR3B channels were calculated
according to the equation Fket � 1/[1 � (K/IC50)n],
where Fket represents the fractional response, K is the
concentration of ketamine, and n is the Hill coefficient.
The results obtained were analyzed statistically by
one-way analysis of variance or Student’s t-tests. P
values � 0.05 were considered significant. Data were
represented as the mean � sd.

Results
l-glutamate (up to 100 �M) plus glycine (up to 100
�M) or glycine alone evoked only minimal or no
current response from oocytes injected with NR1 and
NR3B subunit mRNAs. However, when the NR3B
subunit was co-expressed with the NR1 and NR2 sub-
units, it markedly reduced the current amplitude of
NR1/NR2 channels, as reported previously (10). The
extent of the reduction in the current amplitude of
NR1/NR2B channels was dependent on the amount of
co-injected NR3B subunit mRNA provided that the
amounts of the NR1 and NR2B subunit mRNAs were
fixed (Fig. 1A, analysis of variance, P � 0.0001). There-
fore, to examine the effects of co-expression of the
NR3B subunit in the following experiments, we co-
injected an amount of NR3B subunit mRNA that was
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large enough to decrease the current amplitude of
NR1/NR2 channels.

We examined whether co-expression of the NR3B
subunit altered the dose-response relationships of
NR1/NR2B channels for agonists. The EC50 value
(�M) of NR1/NR2B/NR3B channels for l-glutamate
in the presence of 10 �M glycine was not significantly
different from that of NR1/NR2B channels (Fig. 1B).
Similarly, the EC50 value (�M) of NR1/NR2B/NR3B
channels for glycine in the presence of 10 �M
L-glutamate was not significantly different from that
of NR1/NR2B channels (Fig. 1C). We next examined
whether the NR3B subunit affected the sensitivity to
Mg2� blocking of NMDA receptors. The extents of
inhibition by 0.01 and 0.1 mM Mg2� were not signif-
icantly different between the NR1/NR2B and NR1/
NR2B/NR3B channels (Fig. 1D).

We then examined whether the anesthetic sensitivities
of NMDA receptors were affected by co-expression of
the NR3B subunit. The dissociative anesthetic ketamine,
which is a channel blocker for NMDA receptors, blocked
the NR1/NR2B and NR1/NR2B/NR3B channels to sim-
ilar degrees (Fig. 2A). The anesthetic concentrations of
ketamine (�10 �M) (21) prominently inhibited the NR1/
NR2B and NR1/NR2B/NR3B channels. The IC50 value
(�M) of NR1/NR2B/NR3B channels for ketamine was
not significantly different from that of NR1/NR2B chan-
nels. The volatile anesthetic isoflurane inhibited both the
NR1/NR2B and NR1/NR2B/NR3B channels. The ex-
tents of inhibition by twofold and fivefold the minimum
alveolar concentration (MAC) of isoflurane (0.5 and 1.3
mM, respectively) were not significantly different be-
tween the NR1/NR2B and NR1/NR2B/NR3B channels
(Fig. 2B). Similarly, the extents of inhibition by the

Figure 1. Effects of co-expression of the NR3B subunit on the properties of NR1/NR2B channels. A, Current amplitude of NR1/NR2B/NR3B
channels as a function of the amount of co-injected NR3B subunit mRNA. Under the condition that the amounts of the injected NR1 and
NR2B subunit mRNAs were fixed (�0.8 ng per oocyte), the mRNAs were injected at the indicated molar ratios. Each set of data represents
the mean � sd of measurements of the current responses to 10 �M l-glutamate plus 10 �M glycine for 6–11 oocytes. B, Effect of the NR3B
subunit on the dose-response relationship of NR1/NR2B channels for l-glutamate. The EC50 values (�M) of the NR1/NR2B and NR1/
NR2B/NR3B channels for l-glutamate in the presence of 10 �M glycine are 1.6 � 0.2 and 1.6 � 0.1, respectively, and the Hill coefficient values
are 1.8 � 0.2 and 1.8 � 0.1, respectively (n � 5–6). Error bars not visible are smaller than the symbols. C, Effect of the NR3B subunit on the
dose-response relationship of NR1/NR2B channels for glycine. The EC50 values (�M) of the NR1/NR2B and NR1/NR2B/NR3B channels for
glycine in the presence of 10 �M l-glutamate are 0.23 � 0.10 and 0.18 � 0.13, respectively, and the Hill coefficient values are 1.3 � 0.4 and
1.2 � 0.7, respectively (n � 5). D, Effect of the NR3B subunit on the sensitivity of NR1/NR2B channels to Mg2�. The effects of 0.01 and 0.1
mM Mg2� on the NR1/NR2B and NR1/NR2B/NR3B channels were measured in 5–10 oocytes.
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gaseous anesthetic nitrous oxide (�0.6 atmosphere) was
not significantly different between the NR1/NR2B and
NR1/NR2B/NR3B channels (Fig. 2C). The extent of in-
hibition (%) of NR1/NR2B channels by 200 mM ethanol
was not significantly different from that of NR1/NR2B/
NR3B channels (59 � 4 [n � 5] and 59 � 2 [n � 4],
respectively).

We also tested combinations with the NR2A subunit
because this subunit has been reported to be expressed
in the ventral horn in the adult mouse cervical cord
(16), where the NR3B subunit is also expressed (10,12).
The EC50 value (�M) of NR1/NR2A/NR3B channels
for l-glutamate in the presence of 10 �M glycine was
not significantly different from that of NR1/NR2A
channels (4.2 � 0.6 [n � 6] and 4.4 � 0.8 [n � 5],
respectively). The EC50 value (�M) of NR1/NR2A/
NR3B channels for glycine in the presence of 10 �M
l-glutamate was not significantly different from that
of NR1/NR2A channels (2.4 � 0.3 [n � 4] and 2.2 �
0.1 [n � 5], respectively). The extent of inhibition of

NR1/NR2A/NR3B channels by 0.1 mM Mg2�, 3 �M
ketamine and 1.3 mM (5 MAC) isoflurane was not
significantly different from those of NR1/NR2A chan-
nels (Fig. 2D).

The NR1 and NR2 subunits possess conserved as-
paragine (N) residues at the N site in the channel-
lining segment M2 (6) (Fig. 3A). The NR2 subunits also
have an asparagine residue at the N � 1 site (one
position downstream of the carboxyl-terminal side of
the N site). Site-directed mutagenesis has revealed
that the asparagine residue at the N site of the NR1
subunit and the adjacent asparagine residues at the N
and N � 1 sites of the NR2 subunits contribute to the
blocking sites for Mg2� and dissociative anesthetics
(6). To investigate whether the corresponding posi-
tions in the NR3B subunit were involved in determin-
ing anesthetic sensitivities, we examined the effects of
replacing the glycine (G) and arginine (R) residues at
the corresponding N and N � 1 sites of the NR3B
subunit with asparagine (N) residues (producing the

Figure 2. Effects of co-expression of the NR3B subunit on the anesthetic sensitivities of NR1/NR2 channels. A, Effect of the NR3B subunit
on the dose-inhibition relationship of NR1/NR2B channels for ketamine. The IC50 values (�M) of the NR1/NR2B and NR1/NR2B/NR3B
channels for ketamine are 2.2 � 0.9 and 1.8 � 0. 3, respectively, and the Hill coefficient values are 1.7 � 0.3 and 1.3 � 0.4, respectively (n �
4–7). B, Effect of the NR3B subunit on the sensitivity of NR1/NR2B channels to isoflurane. The effects of 0.5 and 1.3 mM isoflurane (2 and
5 MAC, respectively) on the NR1/NR2B and NR1/NR2B/NR3B channels were measured in 5 oocytes. C, Effect of the NR3B subunit on the
sensitivity of NR1/NR2B channels to nitrous oxide. The effects of nitrous oxide (�0.6 atmosphere) on the NR1/NR2B and NR1/NR2B/NR3B
channels were measured in 9 oocytes. D, Effect of the NR3B subunit on the inhibition of NR1/NR2A channels by blockers. The effects of 0.1
mM Mg2� (Mg 0.1 mM), 3 �M ketamine (Ket 3 �M), and 1.3 mM isoflurane (Isof 1.3 mM) on the NR1/NR2A and NR1/NR2A/NR3B
channels were measured in 3–7 oocytes.
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mutant NR3B-G629N/R630N) on the anesthetic sensi-
tivities. Co-expression of the NR3B-G629N/R630N
mutant subunit reduced the current amplitude of
NR1/NR2 channels similarly to the wild-type NR3B
subunit. The NR3B-G629N/R630N mutant did not
significantly affect the extent of inhibition of NR1/
NR2B/NR3B channels by 0.1 mM Mg2�, 3 �M ket-
amine, and 1.3 mM (5 MAC) isoflurane (Fig. 3B).

Discussion
Previous studies using the specific antibodies and the
fluorescent markers showed that the expression levels
of NR1 and NR2 subunit proteins were not affected by
co-expression of the NR3 subunits (8,10). Furthermore,
the electrophysiological studies demonstrated that the
NR3 subunits altered single-channel properties and
Ca2�-permeability of NMDA receptors (9,11–13).
These findings suggest that the NR3 subunits do not
prevent the expression of NR1/NR2 channels but co-
assemble with NR1 and NR2 subunits to form a re-
ceptor complex with distinct channel properties. Be-
cause the anesthetic sensitivities of recombinant
ligand-gated ion channels sometimes vary consider-
ably, even among closely related subunits/receptors

(2), we examined whether co-expression of the NR3B
subunit could alter the sensitivity of NMDA receptors
to general anesthetics. Although the NR3B subunit
prominently reduced the current amplitude of NR1/
NR2 channels, the sensitivities of the channels to ket-
amine, isoflurane, nitrous oxide, and ethanol were not
altered. The ethanol sensitivities of NR1/NR2A-D
channels were reported to remain unaltered by co-
expression of the NR3A subunit (22). Because the
NR3A and NR3B subunits share many functional
properties such as reducing the current amplitude and
Ca2�-permeability and affecting the cell surface ex-
pression of NMDA receptors (7–13), the effects on the
anesthetic sensitivities of NMDA receptors may be
conserved between the NR3A and NR3B subunits. We
previously showed that the sensitivity of NMDA re-
ceptors to ketamine varies only slightly among the
NR2A-D subunits (19). Furthermore, the sensitivities
to volatile anesthetics (e.g., isoflurane, desflurane,
sevoflurane) were reported to be similar between the
NR2A and NR2B subunits (23). Thus, the anesthetic
sensitivity of NMDA receptors may not be apprecia-
bly altered by their subunit composition.

NR3A or NR3B subunits were reported to co-
assemble with the NR1 subunit to form unique exci-
tatory glycine receptors in Xenopus oocytes (24). How-
ever, we did not observe any channel activity in
response to glycine in the oocytes injected with the
NR1 and NR3B subunit mRNAs. Our results are con-
sistent with previous reports on the NR3A and NR3B
subunits in various recording systems (10,12,22). Al-
though NR3 subunits may be involved in the forma-
tion of excitatory glycine receptors under certain ex-
perimental conditions, a recent study in heterologous
cells and neurons argues against this possibility (13).

The sensitivity of NR1/NR2 channels to Mg2� block-
ing was not affected by the presence of the NR3B sub-
unit. This result is consistent with previous reports on
the NR3A and NR3B subunits (8,10). Conversely, NR3A
or NR3B subunits were shown to reduce the Ca2�-
permeability of NMDA receptors (9,11–13). In NR1/NR2
channels, the Mg2� blocking site is constituted by the
adjacent asparagine residues at the N and N � 1 sites in
the NR2 subunits, whereas the Ca2�-permeability is de-
termined by the asparagine residue at the N site in the
NR1 subunit (25,26). Thus, the different contributions of
the NR3 subunits to the Mg2� blocking and Ca2�-
permeability may further support the notion that these
two properties of NMDA receptors are regulated by
distinct molecular determinants.

Although co-expression of the NR3B subunit did
not alter the effects of Mg2� and channel blockers on
NMDA receptors, it does not necessarily follow that
this subunit is not involved in the constitution of sites
for channel blockers. It is possible that co-assembly of
the NR3B subunit with the NR1 and NR2 subunits

Figure 3. Effects of the NR3B-G629N/R630N mutant subunit on the
sensitivities of NR1/NR2B/NR3B channels to Mg2�, ketamine and
isoflurane. A, Aligned amino acid sequences around segment M2 of
the mouse NR1, NR2 and NR3 subunits (except for the NR3A
subunit which is the rat sequence). The channel-lining segment M2
is indicated by the rectangle at the top. The amino acid residues at
the N and N � 1 sites are boxed. B, Effects of 0.1 mM Mg2� (Mg 0.1
mM), 3 �M ketamine (Ket 3 �M), and 1.3 mM isoflurane (Isof 1.3
mM) on NR1/NR2B/NR3B and NR1/NR2B/NR3B-G629N/R630N
channels measured in 3–6 oocytes.
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results in the formation of blocking sites with sensi-
tivity to channel blockers similar to that of NR1/NR2
channels. A previous report showed that mutation of
the arginine at the N � 1 site in the NR3A subunit did
not change the Mg2� blocking of NR1/NR2B/NR3A
channels (8). In the present study, mutation of the
amino acid residues at the N and N � 1 sites in the
NR3B subunit did not affect the sensitivities to Mg2�,
ketamine and isoflurane. Thus, the amino acid resi-
dues at the N and N � 1 sites in NR3 subunits are
unlikely to be involved in the formation of the block-
ing sites of NMDA receptors. However, there is still a
possibility that other amino acid residues located in
the channel-lining regions of the NR3 subunits are
involved in the formation of the channel blocking sites
of NR1/NR2/NR3 channels.

The authors thank Drs. Maya Yamazaki and Manabu Abe (Depart-
ment of Cellular Neurobiology, Brain Research Institute, Niigata
University) for their assistance in the cDNA cloning of the NR3B
subunit.
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