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Molecular Diversity of the NMDA Receptor Channel
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The glutamate receptor channel plays a key role in brain function. Most of the fast
excitatory synaptic transmission is mediated by glutamate receptor channels in the central
nervous system. Furthermore, glutamate receptor channels are essential for activity-dependent
synaptic plasticity such as long-term potentiation and long-term depression, which are thought
to underlie memory acquisition and learning. Evidence is accumulating that glutamate
receptor channels are involved in experience-dependent synaptic plasticity during development
and degenerative brain disorders.

We have identified more than a dozen subunits of the mouse glutamate receptor channel

by molecular cloning. These glutamate receptor channel subunits possess four putative
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transmembrane segments characteristic for neurotransmitter-gated ion channels and have
been classified into six subfamilies (@, 8, 7, 6, ¢ and { subfamilies) according to the
amino acid sequence homology. The members of the « subfamily constitute AMPA-selective
glutamate receptor channels, whereas the f and y subfamilies include the subunits of the
kainate-selective glutamate receptor channel. The ¢ and { subfamilies represent the subunits
of the NMDA receptor channel.

NMDA receptor channels with high activity are formed only when the distantly related
¢ and { subunits are expressed together. Four ¢ subunits of the NMDA receptor channel
(the €1, €2, €3 and e4 subunits) are distinct with each other in distribution, function
and regulation. In contrast to the wide distribution of the ¢1 and {1 subunit mRNAs
in various neural cells, the ¢2 subunit mRNA is expressed selectively in the forebrain.
The 3 subunit mRNA is found predominantly in the cerebellum, whereas the ¢4 subunit
mRNA is weakly expressed in the brainstem and the diencephalon. Of the four &/
heteromeric channels, the e4/{1 channel exhibits the highest apparent affinities for L—glutamate
and glycine, and the ¢1/{1 channel the lowest affinities. Furthermore, the ¢1/{1 channel
is most sensitive to APV, whereas the ¢3/{1 channel is most sensitive to 7-chlorokynurenate.
The €4/{1 channel is least sensitive to both antagonists. Remarkably, the ¢3/Z1 and e4/{1
channels are less sensitive to voltage-dependent Mg?* block than the ¢1/{1 and ¢2/Z1
channels. These findings suggest that the functional properties of the NMDA receptor
channel are critically determined by the constituting ¢ subunit, and thus the molecular
diversity of the ¢ subunit family underlies the functional heterogeneity of the NMDA receptor
channel.

Because the activity-dependent change in synaptic efficacy mediated by the NMDA
receptor channel is found in forebrain regions such as the hippocampus and the visual
cortex, it is likely that the el and ¢2 subunits highly expressed in the forebrain plays
an important role in the synaptic plasticity. In accord with this assignment, the ¢1/{1
and €2/{1 channels are highly sensitive to Mg?®" block, which is essential for the NMDA
receptor channel to mediate the induction of the activity-dependent long-term potentiation
of synaptic efficacy. On the other hand, the distribution of the ¢3 subunit mRNA and
the resistance of the ¢3/£1 channel to Mg?" block suggest that the ¢3 subunit is a key
component of cerebellar NMDA receptor channels mediating mossy fibre-granule cell synaptic
transmission. We heve also shown that treatment with TPA enhances the channel activity
of the €1/{1 and ¢2/{1 channels, but not the ¢3/{1 and ¢4/Z1 channels. Thus, modulation
of the €1/{1 and ¢2/{1 channels by protein kinases may play a role in determining the
threshold of the induction of long-term potentiation, since Ca®' entry through the NMDA
receptor channel triggers the persistent change in the efficacy of synaptic transmission.

Voltage-dependent Mg?* block is the key to the deporalization-dependent activation
of the NMDA receptor channel, which is the basis of an activity-dependent change of synaptic
efficacy. All subunits of the NMDA receptor channel possess asparagine in putative
transmembrane segment M2 at the position corresponding to glutamine and arginine of
the a subunits that determine the Ca®" permeability of the AMPA-selective glutamate receptor
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channel.

to Mg?" block of the ¢2/£1 heteromeric NMDA receptor channel.

Replacement by glutamine of the asparagine strongly reduces the sensitivity

Furthermore, the

heteromeric channel with the mutation on both subunits becomes resistant to a channel

blocker, MK-801.

These findings suggest that the conserved asparagine in segment M2

constitutes a Mg?" site of the NMDA receptor channel, and that the MK-801 site overlaps

the Mg?* site.

Key words: Glutamate receptor channel, Memory, Molecular biology, NMDA receptor

channel, Synaptic plasticity
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B 3

synapse

cytoplasm

Wibilayer

TeFra) VREEF X VOBAE () SBFEMER (H). HF, v
AR D S BB TBESE%E (Brisson and Unwin, Nature 315, 474~477,
1985). AF, FUEERED D L ETHEMEESE (Toyoshima and Unwin, Nature

336, 247~250, 1988).

receptor
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Subfamily o B Y 3 € ¢

Subunit al o2 o3 od Br B2 B3 vy 81 32 el €2 €3 €4 1

GluRal 66 64 66 36 37 37 34 32 25 23 14 13 15 15 18
GluRo2 72 70 36 37 35 31 30 23 23 13 13 15 14 20
GluRa3 71 36 38 35 32 31 22 22 12 12 14 13 19
GluRo4 36 36 36 30 30 23 23 13 13 15 15 20
GluRp1 74 70 37 38 23 22 14 14 15 14 21
GluRp2 72 39 37 21 22 11 12 13 13 20
GIuRp3 39 39 26 21 13 13 15 15 21
GluRyl 68 24 24 14 13 14 16 21
GluRy2 24 23 14 14 18 18 20
GluRd1 56 14 15 17 16 19
GluR82 15 15 17 14 18
GluRel 52 40 39 18
GluRe2 39 38 16
GluRe3 49 18
GluRe4 17

£2 IIRIANLI VBREEEF Y ANG T Ay bDOHT T 7 3 U — LK
PR 7o b2 VBEREF » X A0V T2y MEBE
FIN—T LVl A CHRBIN TS50, H—EHTo.

Subfamily Subunit Pharmacology Rat Subunit
o ol, a2, a3, od AMPA-selective GluR1-4, A-D
(Heinemann) (Sceburg)
B B1, B2, B3 Kainate-selective GluRS, 6,7
(Heinemann)
Y Y1, v2 Kainate-selective KA-1,2
(Seeburg)
1) 61,82 Unknown -
€ €l,e2,e3,¢e4 NMDA NR2A,B,C
(Seeburg)
¢ {1 NMDA NMDARI1

(Nakanishi)
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72z bHLRERERLEVWS D EFRVGHLEL
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BELIFERIEL, AMPA BLhhf =vBEOY 7
2=y FEOERKEEALCHNTYT (' D, 97
a= oy MEHREEA D F LT, BEWIERIC L BT
I/BEFIEELTOET. 1 T2y FOLT NMDA
ETVUVBEUINE I VBET ) oV EIEET AT v
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BEEOBVWF v 2 ABRERET BT, Lidi-
TIEH 7 NMDA SBEF + 2V OBBICIETR 2 1 R
Bliced7azy FERIEEL WS 2 &MbM
nET.

NMDA S5 F v+ x 3T AE2E-Tko ¥
P e/l FyRNE TR VEBOLRE L TLE
SIEMEMNTERA. 7)o v T LEMBR LR E 35,
TNEIVEEE T Y v R ERCINZ B ST 100

Glu/Gly +
APV 7CK

82/€1 Glu/Gly

Glu/Gly +

GO 1 LT OIERC/ NS HIEETT. NMDA S84 +
FME TN I VEBOZBRERLEEL LR TE T,
ERT TN R I VERE TV VDT OOT ) Y ER
CERTLZEAELLICAD E L. 5K NMDA
FRAEF v 2L, TR VT LA VTREOEL B
@S HEERTEY, Ty v h vEE
LCB&EINRT MK-801, 7=vVHA420YvDL5H
HHEBER LU A A v THEIRAZEBELAT
Wi, kbl NE Lk, S vBREY
Vo vOIoO7 I /B Lt & F+ 2 niBih
i &, FHCEMLHAAYZTAGFTHOET
Bapro—=v /L TEhBEOY 72y b EHE
AEb¥EET L, APV, 72002 vl < 7%
A Ay, B A Y, MK-801 7z & cHIfl & h
AF ¢ 2 NADBHRERS, Tibh NMDA ZAETF +
INOHHTHLEMARN LTI D F v 2R
halbwoH bz E LA (B 8). F7 /L
Fa 3 ABE AT AOEBEEYRLE L.
WIS % in situ hybridization TFH L&
B, 4EEO 7229 b mRNA BEh FheH
Bt o s RV LE L (B 9). &1 &
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