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Excitatory synaptic transmission in the vertebrate
CNS is mediated predominantly by glutamate, which
activates glutamate receptor ion channels. These are
divided into two functional subtypes: the a-amino-
3-hydroxy-5-methyl -4-isoxazolepropionic  acid
{(AMPA)} receptors and kainate receptors, which
mediate fast excitatory synaptic currents, and the N-
methyl-D-aspartate (NMDA) receptors [1], which
mediate excitatory synaptic currents that are slower
and longer lasting [2-4]. Besides their slow kinetics,
NMDA receptors have several other characteristic
properties that distinguish them from other ligand-
gated ion channels. The NMDA receptor channel
can discriminate between different divalent cations
in a highly selective way. It is more permeable for
Ca?* than for monovalent cations but is rather
impermeable for magnesium Mg** (5,6]. On the
other hand, the NMDA receptor channel is highly
sensitive to block by micromolar concentrations of
Mg?* [7, 8] but not by Ca®* or BaZ* [5]. Permeability
for Ca?*, as well as block by Mg?*, is assumed to
be crucial for the physiological function of NMDA
receptors {9, 10]. Another unique property of the
NMDA receptor is that it needs two different
agonists at the same time to become activated.
Besides glutamate, glycine also has to be present in
micromolar concentrations to open the channel [11-
14]. Micromolar concentrations of glycine, however,
seem to be always present in the synaptic cleft so
that the physiological relevance of the glycine binding
site of the NMDA receptor is not yet clear. Some
further ways to modulate the NMDA receptor have
been described. Polyamines [15], fatty acids [16],
nitrogen monoxide donors [17, 18] and oxidizing and
reductive agents [19-21] modulate the NMDA
receptor by acting from the extracellular side,
whereas protein kinases seem to modulate NMDA
receptors from the cytoplasmic side of the membrane
{22, 23]. Each of these modulation sites can down-
regulate channel activity and may, therefore, be the
target of substances that block NMDA receptors.
Possibly one and the same blocking substance may
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valerate; 7-CI-KYNA, 7-chlorokynurenate; and ATX
argiotoXingse.

act on more than one site at the same time, which
has to be taken into account when mechanisms of
block are discussed. Thus, analysis of the various
types of block of the NMDA receptor is a challenging
task.

Native or cloned NMDA receptors?

Most of the experiments to study block and
inhibition of NMDA receptors have been carried
out in native neurons. Since native neurons generally
harbour all types of glutamate receptors, the current
response mediated by NMDA receptors can only be
separated from the responses of other glutamate
receptors either if NMDA is used as a selective
agonist, or if all other glutamate-activated currents
are selectively blocked by their specific antagonists.
This restricts the experimental conditions under
which NMDA receptors can be studied in native
neurons. Moreover, if regulation, block or modu-
lation is to be studied, it is important to work in a
homogeneous population of NMDA receptor
channels. However, one cannot be sure that the
population of NMDA receptors found in a native
neuron is homogeneous and not composed of distinct
subpopulations with differential properties.

The possibility to work on pure NMDA receptors
belonging to only one distinct subtype has been
opened up recently by cloning and functional
expression of NMDA receptor subunit cDNAs [23-
28]. For example, the recombinant heteromeric
NR1/NR2A NMDA receptor [24], which is
composed of subunits of the NR1 and of the NR2A
type, has properties that correspond nicely to the
properties of native NMDA receptors as found, for
example, in hippocampal neurons 24, 29, 30]. Figure
1 compares current responses to brief glutamate
applications measured in outside-out patches from
native [3] and cloned NR1/NR2A receptors, which
show similar time courses of decay. As shown in
panels A and B of Fig. 2, the characteristic voltage-
dependent Mg?* block, as measured in outside-out
patches from hippocampal CA3 cells, is reproduced
in outside-out patches from oocytes expressing
cloned NR1/NR2A channels. Thus, it seems
attractive in the future to study biophysical
mechanisms on these recombinant NMDA receptors
instead of using native neurons.

However, since it is difficult to ensure that these
cloned receptor channels are indeed completely
equivalent to certain native NMDA receptor
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Fig. 1. Glutamate pulses applied to outside-out patches from native and cloned NMDA receptors. (A)
Piezo-controlled fast application can mimic fast glutamate release of a synapse. To check application
speed, a patch with single-channel openings is briefly (1 msec) exposed to a ten-times-diluted frog
Ringer solution (NFR). The reduction of single-channel amplitude is almost as short as the time interval
during which the double-barrel pipette is moved in order to expose the patch to the diluted solution.
(B) Responses of native NMDA receptors to brief applications of glutamate, redrawn from Lester and
Jahr [3]. The decay of the current obtained from averaged single channel data has a time constant
between 100 and 200 msec and resembles very much the decay of the excitatory postsynaptic potential
(EPSC). (C) Responses of cloned NMDA receptor channels to a brief application of glutamate decay
were similarly slow. Current activation is slow compared to the duration of the glutamate pulse (inset).
All traces were measured in the presence of 10 uM glycine.

channels, it seems a reasonable strategy first to check
whether a certain property characterized in native
NMDA receptors is fully reproduced in the cloned
channels. If so, the next step would be to carry out
biophysical studies in cloned channels to determine
the molecular mechanism of this property under

well-defined experimental conditions. It is, however,
also questionable whether cloned NMDA receptors
can really be studied under better defined conditions
than native NMDA receptors of neuronal cells.
Two major problems occur in the expression
systems used for NMDA receptors. namely Xenopus
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Fig. 2. Mg?* block in native, cloned and mutated NMDA receptor channels. (A) Voltage-dependence

of Mg?* block in native NMDA receptors from a hippocampal neuron (provided by P. Jonas) is similar

to that in the cloned NR1/NR2A channel. (B) The block in response to 100 uM Mg?* shows the typical

N-shape of a highly voltage-dependent pore block. (C) Mutating the N residue at the Q/R/N site of

the NR2A subunit to Q decreases sensitivity to 500 uM Mg?*. If, in addition, the N residue in the NR1
subunit is mutated to Q, the Mg?* sensitivity is reduced even more.

laevis oocytes and human embryonic kidney cells
(HEK 293). While the membrane of native neurons
has a high density of NMDA receptors, such that
outside-out patches with multiple channel openings
can be obtained easily, in transfected HEK 293 cells
expression density of recombinant NMDA receptors
is lower so that recordings normally have to be made
in the whole-cell recording mode of the patch-clamp
technique [24]. Xenopus oocytes, which in some
laboratories provide much higher channel densities
than HEK 293 cells, allow one to isolate outside-out
patches with multiple channels to perform, for
example, ultra-fast agonist application experiments.
However, work in Xenopus oocytes is complicated
by the presence of Ca**-dependent chloride channels
in the oocyte membrane. These endogenous channels
are activated by low intracellular concentrations of
Ca?* and even by barium ions, which appear at the
cytoplasmic face of the membrane because of the
Ca?* or Ba?* inward currents mediated by the
heterologous NMDA receptor channels. These
chloride currents, which contaminate the currents
mediated by the artificially expressed channels,
complicate the interpretation of results obtained
from any Ca’*-permeable channel type studied after
heterologous expression in Xenopus oocytes. This
problem, however, can be overcome by using cell-free
patches and 10mM 1,2-bis(2-aminophenoxy)ethane-
N,N,N' N'-tetraacetic acid (BAPTA) instead of
ethylene glycol-bis(S-aminoethyl ether)-N,N,N',N'-

tetraacetic acid (EGTA) as a Ca’* chelator on the
cytoplasmic side of the patch, rather than the two-
microelectrode voltage-clamp technique used by the
majority of groups working on cloned glutamate
receptor channels in Xenopus oocytes. We used cell-
free patches and BAPTA to study NMDA receptors
in oocytes in most of the cases. Only for agonist
competition experiments (last section; see also Fig.
5) did we use two-microelectrode measurements,
which therefore typically display a Ca’*-dependent
peak of chloride current at the beginning of each
record.

Types of block found in cloned NMDA receptor
channels

The first NMDA receptor subunit (NR1) was
isolated with the help of an expression cloning
protocol. RNA samples obtained by serial subdivision
of a cRNA pool from rat brain were tested for their
potency to express NMDA-activated currents in
Xenopus oocytes [31] until the particular clone
encoding NR1 was isolated. While it was possible to
detect NMDA -activated currents in the nanoampere
range even upon injection of a pool containing about
3000 different cRNAs, surprisingly, expression of
the pure cRNA encoding the cloned NR1 subunit
did not yield much stronger currents. Larger NMDA-
activated currents in the microampere range had not
been detected in Xenopus oocytes before efforts
were made to coexpress the NR2 subunits with the
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NR1 subunit [24, 26]. Since none of the NR2A to C
subunits expressed detectable currents as homo-
multimers and neither the NR1 nor the NR2 subunits
expressed homomeric channels in HEK 293 cells
[24], it is now generally assumed that the natural
NMDA receptor channels are composed of, at least,
both NR1 and NR2 subunits.

However, it was a remarkable discovery that block
by D(—)-2-amino-5-phosphonovalerate (D-APV),
MKS801, Zn®>*, Mg?* and 7-chlorokynurenate (7-Cl-
KYNA), as well as modulation by glycine, could be
found for the nanoampere currents of the homomeric
NR1 channels expressed in Xenopus oocytes.
Although expression of homomeric NR1 channels
was rather low in Xenopus oocytes, all other
measurable properties matched to a certain extent
what was determined later in NR1/NR2A het-
eromultimeric channels, while NR1/NR2C channels
showed a reduced Mg?* sensitivity.

Molecular determinants of the pore block of NMDA
receptors

While D-APV and 7-CI-KYNA are competitive
blockers that interact with the binding sites for
glutamate and glycine, respectively, MK801, Zn?*
and Mg?* are assumed to block the channel pore.
By homology to acetylcholine and AMPA receptor
subunits, the second hydrophobic segment (TM2) of
the NMDA receptor sequence was suspected to line
the pore of the NMDA receptor channel [24, 26, 31].
Molecular determinants of pore block thus were
expected to be located in the TM2 sequence. The
focus of interest was placed on an amino acid residue
in TM2 of the NMDA receptor subunits which is
homologous to the so-called Q/R site of the AMPA
receptor subunits [6,32]. In AMPA receptor
subunits, this site, which is prone to an RNA-editing
process, controls Ca?* permeability. If the mRNA
encoding  AMPA receptor subunits exhibits a
glutamine residue (Q) at this site, the corresponding
AMPA receptor channels are permeable to Ca®*.
If, however, the GluR-B mRNA sequence is edited
at this site and the Q in TM2 of the corresponding
channel subunits is changed to the positively charged
amino acid arginine (R), Ca’* permeability of the
resulting AMPA receptor channels is found to be
reduced drastically [32].

Since all NMDA receptor subunits exhibit an
asparagine (N) at the homologous position [24], and
since they are even more permeable for Ca?* than
unedited AMPA receptors, the N at this position in
the NR1 and NR2 subunits was artificially mutated
to Q and R. The striking result of these experiments
was that the introduction of the positively charged
R at this site drastically reduced the sensitivity of
the mutated NMDA receptors to Mg?* and MK801
[6,33]. Moreover, the permeability to Ca’* was
practically abolished [6]. Interestingly, the mutations
by which the N in the wild-type subunits was changed
to Q showed differential effects in the NR1 and the
NR2 subunit. If the mutation (N to Q) was introduced
in the NR1 subunit, Mg?* block was only weakly
reduced, Mg?* permeability was virtually unchanged,
but Ca?* permeability was decreased markedly. On
the other hand, when the same mutation was
introduced into the NR2A or NR2C subunit, the
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mutated channels had unchanged Ca’* permeability,
but an increased Mg?* permeability and a reduced
sensitivity to block by Mg?* (Fig. 2C) [6]. Sensitivity
to Mg?* block almost completely disappeared when
both mutated subunits were coexpressed to form
channels where the N residues of all subunits at this
site were mutated to Q (Fig. 2C).

An independent possibility for constructing
channels that have the N mutated to Q in all subunits
would be to express homomeric NR1 channels that
have been mutated to Q at this position (NR1(Q)).
Surprisingly, channels obtained in this way measured
in whole Xenopus oocytes by two-microelectrode
voltage-clamp showed a Mg?* block that was similar
to NR1(Q)/NR2A channels where only the NR1
subunit has been mutated to Q (not shown). There
are two possibilities to explain this. First, the
mutations at the Q/R/N site may somehow be
critical for the structure of the channel subunits
and influence properties such as pore size and
permeabilities in a subunit-specific and complicated
way. The second possibility would be that Xenopus
oocytes may express an endogenous NR2 subunit
at a low density which coassembles with the
heterologous NR1 subunits expressed from injected
RNA to form functional channels. Although this
possibility is rather speculative, it would explain not
only why channels forming upon expression of the
NR1(Q) subunit alone resemble NR1(Q)/NR2A
channels, but also why the NR1 subunits cannot
form homomeric channels in HEK 293 cells and
why, when expressed in Xenopus oocytes, NR1
yielded enough channels to allow an expression
cloning approach even with fractionated mRNA. If,
according to the first possibility the Q/R/N site of
the NMDA receptor were a critical determinant of
protein structure, one might expect that mutations
at this site also should influence other properties of
the channels. Figures 3 and 4 summarize properties
of the mutants at the Q/R/N site with respect to
Ca?* block, monovalent-ion permeability and
channel kinetics.

NR1(Q)/NR2A channels are most efficiently
blocked by extracellular Ca**. They are much more
sensitive to Ca’* than wild-type channels (Fig. 3, A

Fig. 3. Changes in Ca** block and monovalent permeability
of NR1/NR2A channels where the N at the Q/R/N site
was mutated to Q. (A) A sudden change from 18 to
1800 uM Ca?* applied to an outside-out patch with wild-
type NR1/NR2A receptors gave a reduction of single
channel amplitude to 60% (at —~80 mV). The same increase
in Ca®* concentration reduced single channel amplitude to
15% if the N residue in the NR1 subunit was mutated to
Q. The same mutation in the NR2A subunit gave a single-
channel redution to 40%, while the double mutant resulted
in a block to 25% of the control value. (B) The blocking
effect of Ca** on the single-channel amplitude is voltage-
dependent. In the current-voltage relations of single-
channel amplitudes at different Ca’* concentrations, Ca®*
block is much more pronounced at negative potentials.
NR1(Q)/NR2A channels show different permeabilities to
Na® and K*. The single-channel amplitude is markedly
smaller in external Na* solution than in K* solution and
the reversal potential is shifted to —10 mV in Na* solution.
(C) Exchange of extracellular Na* against K* increases
single-channel amplitude of NR1(Q)/NR2A but not of
NR1/NR2A(Q) or wild-type channels.
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Fig. 4. Kinetic differences between cloned NMDA receptors mutated at the Q/R/N site. Pulses of 16

and 1000 msec of 100 uM glutamate plus 10 uM glycine are applied to outside-out patches with NMDA

receptor channels of the NR1(Q)/NR2A, of the NR1/NR2A(Q) and of the NR1(R)/NR2A(Q) type.

Mutant channels show a slower deactivation upon wash-out of glutamate and glycine and look more

flickery. Desensitization during the long glutamate pulse seems to be less pronounced in the mutant

channels. The R mutation of the NR1 subunit decreases single-channel amplitude drastically so that
individual channels can no longer be resolved.

and B) and also more sensitive than NR1/NR2A(Q)
channels. NR1(Q)/NR2A(Q) channels have a Ca®*
sensitivity that ranges between the sensitivities of
NR1(Q)/NR2A and NR1/NR2A(Q) channels (Fig.
3A).

The current traces shown in Fig. 3A have been
measured in ionic conditions where the extracellular
medium contained predominately Na’*, (NaCl
115 mM, KCI12.5 mM, CaCl, 18 uM, sodium-HEPES
10mM, pH 7.2), whereas the internal medium
contained exclusively K* (KCl 100 mM, K;BAPTA
10 mM, potassium-HEPES 10mM, pH 7.2) as
positive ions. Under these conditions the single-
channel amplitude of both NRI1(Q)/NR2A and
NR1/NR2A(Q) channels is smaller than for wild-
type channels, while NR1(Q)/NR2A(Q) channels
exhibit a larger single-channel amplitude and an
unusually frequent occurrence of subconductance
levels. An increase in single-channel amplitude was
observed in NR1(Q)/NR2A channels when external

Na* was replaced by K* (Fig. 3, B and C) which
did not influence the single channel amplitude of
NR1/NR2A(Q) or wild-type channels. Cor-
respondingly, the reversal potential of NR1(Q)/
NR2A channels is shifted to the left by about 10 mV
in the presence of external Na* (Fig. 3B).

Single-channel kinetics of mutated NR1/NR2A
channels were not studied systematically, although
it was obvious that mutated channels generally
showed shorter openings and exhibited more flickery
behaviour than wild-type channels.

Responses of the mutated channels to brief pulses
of glutamate also showed differences from responses
of wild-type channels. The decay phase of the
ensemble currents measured in outside-out patches
in response to brief (16 msec) wash-in and wash-out
of 100 uM glutamate and 10 uM glycine was about
twice as slow in all mutated channels than in wild-
type channels (Fig. 4). This suggests a prolonged
dissociation of agonists from the mutated channels.
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In the traces in Fig. 4 measured with NR1(R)/
NR2A(Q) channels, no single channels can be
resolved even though the current scale is larger than
in the other traces. This reflects the reduction of
single-channel amplitude by about a factor of S (not
shown) found in mutants carrying an R at the Q/R/N
site.

From the data presented in Figs. 3 and 4 one may
conclude that the mutations at the Q/R/N site
indeed have a complex influence on many properties
of the channels. However, they influence kinetics of
the channel less severely than permeability and
block.

Differential effects of mutations at the Q/R/N site on
the effect of channel blockers of NR1/NR2A channels

As shown above, there are two distinct ways by
which sensitivity to Mg?* block of NR1/NR2A
channels can be reduced by mutating the asparagine
residue at the Q/R/N site. The introduction of the
positively charged arginine residue, which removes
Mg?* block completely, is associated with loss of
divalent permeability and reduction of single-channel
amplitude. A mechanistic interpretation of this
mutant effect would be that the positive charge
located near the conducting pathway does not allow
any type of divalent ion to pass the channel and also
does not allow magnesium ions to enter to reach
their blocking site. On the other hand, introduction
of a Q instead of a N in NR2 decreased Mg?* block
butincontrast tothe R, increased Mg?* permeability.
This could be interpreted as a permeant block of the
channel by magnesium ions which may get off from
their binding site through the channel with an off-
rate that increases with hyperpolarizing membrane
voltage.

A )
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0.1uM glycine
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Is there any further evidence for these two
concepts? Mutations at the Q/R/N site introducing
the positively charged R residue reduced sensitivity
not only to block by Mg?* but also to other positively
charged pore blockers such as MK801 [33] and
argiotoxing (ATX) in AMPA receptors [34] and in
cloned NMDA receptors [35]. In contrast to this
mutation where the N was mutated to R, the
mutation to Q, which also reduced sensitivity to
Mg?*, increased sensitivity to ATX. Wild-type NR1/
NR2A channels had an 1Cs, value for ATX block of
10 nM which was changed by the R mutation in the
N2A subunit to values larger than 10,000 nM; the
mutation of N to Q in the NR2A subunit decreased
the 1Csp to 1 nM. If NR1 and NR2A subunits were
both mutated from N to Q, ATX sensitivity increased
to an ICs value of 0.2 nM (measured at a membrane
potential of —70 mV) [35]. Taking into account that
ATX is a large molecule with 29 carbon atoms that
certainly may not permeate the NMDA receptor
pore, the increase in sensitivity might be caused by
facilitation of ATX entry into the channel due to
the Q mutation. The change of the channel pore
structure that facilitates entry of ATX might also be
the reason for the higher Mg?* permeability which,
however, causes a reduction of Mg?* block because
Mg?* can leave its binding site in the channel by
permeation. Following this interpretation, the
apparent contradiction that one and the same
mutation can increase blocking efficacy of one pore
blocker and reduce sensitivity to another pore
blocker would be easily resolved.

Studying competitive antagonists in cloned NMDA
receptors

Many studies have been performed to analyze the
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Fig. 5. Effects of kainate on NMDA receptors and of NMDA on AMPA receptors. (A) Whole-cell

current mediated by NR1/NR2A channels expressed in a Xenopus oocyte is blocked by 100 uM kainate.

The amount of block depends on the glycine concentration. It is almost complete at 0.1 uM glycine

and about 30% at 1 uM glycine. (B) AMPA receptors of the GluR-B;/D; heteromeric type are blocked

by 1000 uM NMDA. The effect of NMDA is slightly dependent on the concentration of kainate by
which the receptors are activated.
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actions of various agonists and antagonists of the
glutamate and glycine binding sites of the NMDA
receptor. There are two reasons why it might be
interesting to also study this issue in cloned NMDA
receptor channels.

First, it would be quite exciting to determine
glutamate and glycine binding sites in the primary
sequence of the NMDA receptor by site-directed
mutagenesis. Such studies, however, have yet to be
carried out.

Second, as already mentioned, data about agonist
and antagonist effects at the ligand binding sites
measured in native neurons might suffer from the
problem of mixed channel populations. It has been
discussed recently that hybrid channels composed of
AMPA and NMDA receptor subunits with mixed
pharmacological properties may exist in native
neurons [36]. One argument in favour of the
existence of such hybrid channels was that the
responses evoked by the co-application of kainate
and NMDA on native neurons are smaller than the
sum of responses obtained with either kainate or
NMDA separately. The authors argue against an
interpretation of this result by inhibitory interaction
of NMDA with kainate receptors and of kainate
with NMDA receptors by showing that there is no
competition between both agonists.

With cloned channels it is now possible to
investigate the effect of NMDA on AMPA receptors
and the effect of kainate on NMDA receptors either
separately or by mixing two populations of NMDA
and AMPA receptor subunits to test the hypothesis
of the occurrence of AMPA-NMDA hybrid
receptors. Figure 5 shows the effects of kainate on
the current responses of cloned NMDA receptors to
NMDA and glycine application and those of NMDA
on current responses mediated by AMPA receptor
channels evoked by kainate application. As shown
in Fig. 5A, 100 uM kainate had an inhibitory effect
of about 95% on the amplitude of NMDA-evoked
currents mediated by NR1/NR2A channels in the
presence of 0.1 uM glycine. The blocking effect of
kainate was much smaller if the experiment was
done in the presence of 1 uM glycine (30%). This
indicates that the mechanism of the kainate-block
of NMDA receptor is a competitive binding of
kainate at the glycine binding site. Variations of the
NMDA concentration did not change the kainate
block significantly (not shown).

The opposite experiment, to block AMPA
receptors by NMDA co-application, was also
successful. A 1 mM concentration of NMDA blocked
40% of the response of heteromeric GluR-B;/GluR-
D; AMPA receptors (Fig. 5B) or homomeric GluR-
D; AMPA receptors (not shown) to 100 uM kainate.
If kainate was reduced to 10 uM, which resulted in
10-fold smaller responses, the block by 1 mM NMDA
was increased slightly to 60%. This suggests that in
this case NMDA competes to some extent with
kainate at the ligand binding site. Competition,
however, seems to be too weak to explain the
blocking effect completely. Since at the AMPA
receptor a second site for the binding of amino acids
such as the glycine site of the NMDA receptor is
not yet defined, there is no alternative hypothesis
for the NMDA effect on AMPA receptors.

J. P. RUPPERSBERG e al.

According to the results shown in Fig. 5, the
observation that the effect of co-applied kainate and
NMDA on mixed populations of receptors is smaller
than the sum of the separated effects would be
expected also in the absence of NMDA-AMPA
hybrid channels. It is, therefore, no argument for
the existence of AMPA-NMDA hybrid receptors.
The lack of competition observed might be explained
with an effect on modulatory amino acid sites such
as the glycine site of the NMDA receptor where the
blocking amino acid interacts with the receptor
molecule.

Discussion

Although a large number of excellent studies
analyzing the complex biophysics of block of NMDA
receptors have been carried out in neurons, it
appears useful to study these properties also in
cloned NMDA receptor channels. First of all, this
can be very helpful in understanding the mechanism
of a blocking agent on the molecular level. The
example pointed out here is divalent block and block
by ATX, which was found to be controlled completely
by the so-called Q/R/N site of the NMDA receptor.
This site is either able to shield the receptor against
entry of blocking ions if it is mutated to carry a
positive charge, or, on the other hand, it may
determine divalent permeability and control blocking
efficacy by changing the off-rate through the pore.
According to this view, a blocking ion is one that
may enter the channel but cannot permeate.

Second, it may be an advantage to check
physiological functions of the receptors by expressing
pure cloned NMDA receptors in pure culture.
Effects like the sum-up effect of different agonists
discussed above can be understood much more easily
if the system under investigation does not contain a
complex mixture of different glutamate receptor
subtypes.

Nevertheless, it would be dangerous to rely too
much on the properties of cloned NMDA receptor
channels, as long as it is unclear in a particular case
whether a phenomenon or property to be studied in
the cloned receptor is completely reproduced also
in the native receptor. As long as one cannot be
absolutely sure about the molecular composition of
the native NMDA receptors, the comparison of
native and cloned receptors should not be neglected
but rather put ahead of any planned experimental
effort to study biophysics of cloned channels.

Summary

The biophysics of block of NMDA receptor
channels has been investigated extensively during
the past 8 years. In the last few years, cloned NMDA
receptor channels have become available. Here we
have discussed advantages and disadvantages of
studying block phenomena in cloned NMDA
receptors. Some recent work on the pore block of
the cloned NMDA receptor channels was critically
reviewed and extended by data about the calcium
block. Novel effects of kainate on cloned NMDA
receptors and of NMDA on cloned AMPA receptors
were reported and discussed with respect to recent
work concerning possible occurrence of NMDA-
AMPA hybrid channels.
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