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Rat Brain N-Methyl-D-Aspartate Receptors Expressed

in Xenopus Oocytes

Topp A. VERDOORN, NaANCY W. KLECKNER, RAYMOND DINGLEDINE*

N-methyl-D-aspartate (NMDA) activates a class of excitatory amino acid receptor
involved in a variety of plastic and pathological processes in the brain. Quantitative
study of the NMDA receptor has been difficult in mammalian neurons, because it
usually exists with other excitatory amino acid receptors of overlapping pharmacologi-
cal specificities. Xenopus oocytes injected with messenger RNA isolated from primary
cultures of rat brain have now been used to study NMDA receptors. The distinguish-
ing properties of neuronal NMDA receptors have been reproduced in this amphibian
cell, including voltage-dependent block by magnesium, block by the NMDA receptor
antagonist D-2-amino-5-phosphonovaleric acid, and potentiation by glycine. This
preparation should facilitate the quantitative study of the regulation of NMDA
receptor activation and serve as a tool for purification of the encoding messenger RNA.

F THE THREE EXCITATORY AMINO
O acid (EAA) receptors identified

pharmacologically (1), the N-
methyl-p-aspartate (NMDA) receptor has
received the most attention. This is due to
its potential roles in long-term potentiation
(2), hypoxic damage (3), and epileptic dis-
charges (4); to the availability of selective
and potent antagonists such as p-2-amino-
5-phosphonovaleric acid (p-APV) (5), MK-
801 (6), and 3(2-carboxypiperazin-4-yl)-
propyl-1-phosphonic acid (CPP+) (7); and
to its large conductance (45 to 50 pS) (8, 9),
which facilitates single-channel studies. In-
deed, patch clamp experiments have re-
vealed a rich complexity in the activation of
NMDA receptors that render it well suited
to regulation under different physiological
conditions. The open NMDA channel ap-
pears to be blocked by Mg** (8, 10) and
ketamine (11) in a voltage-dependent man-
ner, and the frequency of opening of
NMDA channels is greatly increased in the
presence of low concentrations of glycine
(12). Single-channel studies (9) raise the
possibility that the three pharmacologically
identified EAA receptors (for NMDA, kain-
ate, and quisqualate) are not independent
entities but may instead reflect the use of a
single-channel type by the three receptors.
The presence of four or more major conduc-
tance states for each agonist; preferential
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activation of different conductance states by
the agonists NMDA, quisqualate, and kain-
ate; frequent transitions among the different
conductance states; and selective block of
only the highest conductance by p-APV and
Mg?* favor this hypothesis of receptor sites
that share channel properties. Clearly, to
investigate the structural and functional rela-
tions among the three EAA receptors it
would be advantageous to have a prepara-
tion that expresses all three receptors but in
which receptor expression could be system-
atically manipulated.

The Xenopus oocyte translation system,
originally developed by Gurdon and col-
leagues (13) to study messenger RNA
(mRNA) that encodes soluble proteins, has
been used to translate mRNA encoding
neurotransmitter receptors. We (14) and
others (15) have shown that mRNA from
rat or chick brain, when injected into oo-
cytes, readily induces responses to kainate
and quisqualate, but heretofore NMDA re-
sponses have not been observed. We now
report that mRNA extracted from adult rat
brain or primary cultures of fetal rat brain
(16) encodes NMDA receptors when inject-
ed into oocytes. Our results were mainly
from 19 separate experiments in which six
independent mRNA preparations were
used. An abstract of some of this work has
been published (17).

Oocytes injected with mRNA from rat
brain were voltage-clamped with two micro-
electrodes, and drugs were applied by perfu-
sion in medium similar to that used to
culture the oocytes. At a holding potential
of —60 mV, 100 pM NMDA evoked a

smooth, readily reversible, nondesensitizing
inward current that ranged from 5 to 220
nA (mean + SEM, 41 +5 nA, »n =73
cells). In six mRNA preparations that en-
coded NMDA receptors, 73 of 94 oocytes
tested responded to NMDA, whereas unin-
jected or water-injected oocytes (n = 12),
or oocytes injected with eight mRNA prepa-
rations that encoded only kainate receptors
(n = 36), did not respond (<5 nA) to
NMDA at up to 300 wM concentration. In
seven cells, increasing concentrations of
NMDA were sequentially applied to con-
struct a concentration response curve; the
curve indicated a single component response
with a half-maximally effective concentra-
tion (ECsp) of 38 = 8 uM (mean = SEM).
The selective NMDA receptor antagonist D-
APV (10 pM) reduced the amplitude of the
ionic current evoked by 100 wM NMDA by
83 + 1% (» = 6 cells) (Fig. 1A).
Current-voltage curves of NMDA re-
sponses constructed in the presence of 1
mM Mg?* showed a marked nonlinear re-
gion between —80 and —30 mV, similar to
results obtained with neuronal NMDA re-
ceptors (8, 10) (Fig. 1B). As expected, the
nonlinear behavior was nearly eliminated
when Mg?" was omitted from the perfusion

A NMDA 100 B

M 100 M NMDA [
4 &OQ
NMDA + D-APV 10 jP
NMDA Recovery +MW 1
_Mg2+
w"“ +-60
30 sec

Fig. 1. Block of NMDA-evoked current by p-
APV and Mg®>*. (A) An oocyte injected with
approximately 50 ng of mRNA 48 hours before
was voltage-clamped with two microelectrodes to
a holding potential of ~60 mV and superfused
continuously with modified Barth’s solution (16)
(MgSO, replaced by Na,SO, and supplemented
with 0.5 mM CaCl, plus 3 wM glycine). During
the periods indicated by the solid bar in (A), the
superfusion solution was changed to include 100
wM NMDA with or without previous exposure
to 10 pM p-APV, as indicated. The input resist-
ance of this cell, measured at its resting potential
(=70 mV), was 1.2 Mohm. (B) In a different cell
the ionic current produced by 100 pM NMDA
was plotted as a function of voltage in the absence
(®) and presence (O) of 1 mM Mg?*. The
perfusion solution also contained 3 wM glycine.
Current-voltage curves were constructed by
ramping the voltage slowly (55 mV per second)
from —80 to +30 mV in the presence and
absence of 100 pdf NMDA. Under these condi-
tions the capacitive current associated with the
ramp was small. Leakage and capacitive currents
at each voltage were then subtracted from the
membrane currents measured in the presence of
NMDA. The resting potential and input resist-

ance of this cell were ~50 mV and 0.6 Mohm,
respectively.
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fluid. The ratio of chord conductances at
-60 and —30 mV was 0.13 = 0.02 in
Mg?* but 0.91 +0.06 without Mg**
(» = 5), which attests to the strong voltage-
dependent block by Mg?* of NMDA recep-
tors expressed in oocytes. Another measure
of the voltage dependence of NMDA cur-
rents is the rectification ratio (10) of chord
conductances at +20 and —70 mV, which
was 37 * 18 (range, 16 to 98) in Mg”>* and
0.44 + 0.14 (range, 0.15 to 0.78) in the
absence of Mg?*. The NMDA current-volt-
age relation was similar although not identi-
cal to that reported in neurons. A smaller
NMDA chord conductance was noted con-
sistently in the depolarizing limb of the
current-voltage curve in the absence of
Mg?", and the reversal potential was slightly
more negative (—~12 £ 4 mV, » = 7) than
in neurons. It is not known if these discrep-
ancies between oocytes and neurons reflect
differences in post-translational processing
of the NMDA receptor in the two cell types,
or if they are merely consequences of differ-
ences in jonic gradients in the two cells or
differences in experimental conditions (18).

Johnson and Ascher (12) discovered that
the opening rate of NMDA channels studied
by patch clamp in cultured neurons was
increased by 1 wiM glycine. This action of
glycine was not blocked by 10 ud strych-
nine, was not mimicked by most other ami-
no acids, and appears to reflect a novel
allosteric facilitation of NMDA receptor ac-
tivation. We found that in mRNA-injected
oocytes, 3 wM glycine potentiated the cur-

200 1
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150 +
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I e — -
0.1 1.0 10.0 100.0 1000.0
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Fig. 2. Potentiation of NMDA-evoked current by
glycine. An mRNA-injected oocyte was voltage-
clamped to —60 mV and perfused with modified
Barth’s solution containing no added Mg?*. Dur-
ing the periods indicated by the solid bar (inset)
the perfusion solution was changed to include 30
udM NMDA with or without previous exposure of
the oocyte to 3 pM glycine, as indicated. The
input resistance of this oocyte was 0.8 Mohm at
its resting potential (—53 mV). The mean
(= SEM) concentration response curve for
NMDA-evoked membrane current was measured
at —60 mV in the presence and absence of 3 pM
glycine (» = 3 oocytes). The standard errors of
the response in the absence of glycine were small-
er than the symbol size. Although the magnitude
of the NMDA response in the presence of glycine
was variable from cell to cell, the potentiation of
the maximum effect by glycine was clear.
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rent produced at —60 mV by 30 to 100 pM
NMDA by 4- to 15-fold or more (# = 11)
(Fig. 2, inset). Full concentration response
curves for NMDA were constructed in the
presence and absence of 3 pM glycine in
three cells. The maximum current evoked by
NMDA was increased 9.0 (+ 3.3)-fold by
glycine, without a marked lateral shift of the
NMDA concentration response curve (Fig.
2). This result indicates that the increase in
opening rate of NMDA channels in the
presence of glycine (12) was probably not
due to an increase in the number of success-
ful agonist-receptor interactions, which
would have shifted the curve to the left, but
instead was due to an increase in the proba-
bility of opening of the NMDA-receptor-
glycine complex. Our results are consistent
with the single-channel records of Johnson
and Ascher (12), but are at apparent vari-
ance with those of Murphy ez al. (19), who
found that glycine increased the potency of
NMDA for elevating cytoplasmic-free Ca*
in cultured striatal neurons. Although the
reason for this apparent discrepancy is not
understood, fluctuations in the concentra-
tion of endogenous glycine or other factors
in the medium bathing cultured neurons
(19) may have influenced the action of
exogenous glycine.

Unexpectedly, washing out the Mg?* in

glycine-containing medium produced a

steady inward current in 21 of 133 mRNA-
injected cells. This current was partially to

fully reversible by 10 pM p-APV in four of

five oocytes tested, and so was presumably
mediated in part by NMDA receptors. Only
2 of 14 uninjected or water-injected oocytes
responded similarly, and in neither of these
cells was the current blocked by p-APV. The
origin of this NMDA receptor response in
oocytes is unclear, but it may be due to
release of an NMDA receptor agonist such
as glutamate from follicle cells or the oocytes
themselves.

Our results demonstrate that neuronal

NMDA receptors that possess both of the
native regulatory sites (for Mg?* and gly-
cine) are expressed in Xenopus oocytes inject-
ed with the appropriate mRNA. Further,
the potentiation by glycine is due to an
increase in maximum NMDA response rath-
er than to an increase in agonist affinity. The
mRNA preparations that encoded NMDA
receptors also encoded kainate receptors,
but other mRNA preparations encoded only
kainate receptors (I4). The ability to make
mRNA preparations that encode only one
type of EAA receptor in oocytes indicates
that the three receptor subtypes can operate
independently, and we anticipate that each
will eventually be studied in isolation. Al-
though some aspects of the NMDA conduc-
tance mechanism in oocytes remain unre-

solved, this preparation lends itself to quan-
titative studies of the regulation of NMDA
receptor activation. It should also prove
useful for the development of novel agonists
and antagonists of the allosteric and agonist
binding sites and for the purification of
mRNA encoding these receptors.
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Autoreactive Epitope Defined as the Anticodon
Region of Alanine Transfer RNA

CHRISTOPHER C. BUNN* AND MICHAEL B. MATHEWS

Autoantibodies to aminoacyl-transfer RNA (tRNA) synthetases are common in the
human autoimmune diseases polymyositis and dermatomyositis. Sera of the PL-12
specificity contain separate antibodies reacting with alanyl-tRNA synthetase and
alanine tRNA (tRNA*"). The antibodies to tRNA recognize at least six distinguish-
able human tRNAA" species grouped into two sequence families. The antibody-
reactive determinants on the tRNA were identified through ribonuclease protection
and oligonucleotide binding experiments. The antibody binding site is a seven- to nine-
nucleotide sequence containing the anticodon loop and requires an intact anticodon.
No requirement for anticodon stem structure or sequence is observed, although the 5’
portion of the stem is protected from nuclease attack. Antibodies from several patients
appear to share the same specificitym, indicating that the antibodies are induced by a
unique sequence feature in the immunogen.

ATIVE NUCLEIC ACIDS DO NOT

| \ I stimulate significant antibody pro-
duction when injected into experi-

mental animals, but such antibodies can be
generated against nucleic acid in association
with protein (1) and are common in human
systemic lupus erythematosus (SLE) and its
murine equivalents. In these diseases, where
the nature of the immunogen is unknown,
characterization of the reactive epitopes may
provide clues to the identity of potential
etiologic agents. Antibodies to DNA are
particularly prevalent in SLE and have been
extensively investigated. They are heteroge-
neous and can recognize numerous features,
such as heterocyclic bases, nucleosides, nu-
cleotides, simple repeating sequences, and
the configuration of the sugar-phosphate
backbone (2, 3). Similarly, RNA molecules,
including ribosomal, transfer, and U1 spe-
cies, are the target of the autoimmune re-
sponse in up to 30% of patients with auto-
immune disorders (4-9). Here both sequen-
tial and conformational antigenic determi-
narits are thought to occur, but they are less
well defined than those in DNA. Three
antibody systems that involve transfer RNA
(tRNA) occur in patients with myositis, an
inflammatory muscle disease. In two such

1116

systems, known as Jo-1 and PL-7, the anti-
genic components are associated protein
molecules, the aminoacyl-tRNA synthetases
specific for histidine (Jo-1) and threonine
(PL-7) (7). In the third system, PL-12,
antibody recognizing alanyl-tRNA synthe-
tase coexists with another antibody that di-
rectly recognizes alanine tRNA (tRNAA'?)
(8)- This unusual interaction of an autoanti-
body with a specific set of tRNA species has
allowed us to identify the antibody binding
site (epitope) of an autoantigen.

The RNA antigen precipitated by the PL-
12 antibody is predominantly, if not exclu-
sively, tRNAA!2 and other sera containing
antibodies to DNA, RNA, or ribonucleo
proteins (RNPs) do not precipitate these
molecules (6, 8, 9). We fractionated the
tRNA in the precipitate and determined the
primary nucleotide sequences of two related
species and the anticodon stem and loop
sequence of a third species (9). The antibody
recognizes two families of human tRNAA®,
named “slow” and “fast” for their relative
electrophoretic mobility in denaturing poly-
acrylamide gels. They contain the same anti-
codon loop sequence but differ in the anti-
codon stem region and in other parts of the
molecule. To determine whether the bind-

ing of antibody could confer resistance to
ribonuclease digestion, we formed immune
complexes between uniformly radiolabeled
tRNA and the PL-12 antibody from several
patients. The complexes were isolated on
protein A-Sepharose and digested with ri-
bonuclease T}, ribonuclease A, or a mixture
of both. After the matrix had been washed
to remove released digestion products, the
residual bound RNA was eluted. In all cases,
gel electrophoresis revealed the presence of
protected fragments ~20 nucleotides in
length. ‘

Using antibody from one patient and
tRNA, 2", a purified slow RNA, we isolated
the fragments protected from digestion by
either ribonuclease T; or A. Further diges-
tion to completion with these enzymes fol-
lowed by a two-dimensional electrophoretic
separation of the resultant oligonucleotides
(10) yielded simple “fingerprint” patterns
on autoradiography. The oligonucleotides
were isolated and characterized by rediges-
tion, and their locations in the molecule are
shown in Fig. 1A, lines a and b. The protect-
ed region includes the anticodon stem and
loop. The same result was obtained with
tRNA,A?, another member of the slow
family, and with tRNA;4", which belongs
to the fast family and contains two pairs of
base changes in the anticodon stem. This
implies that the stem sequence is not critical
for antigenicity but leaves open the possibil-
ity that a duplexed stem structure is re-
quired.

In the naked state, the anticodon loop is
exposed and susceptible to nuclease attack,
so its presence in the protected fragment is
particularly striking. To confirm that the
antibody blocks digestion in this region and
to obtain more detailed definition of the
binding site, we performed “footprint™ ex-
periments to reveal nuclease-sensitive sites
that are shielded by antibody. Immunopre-
cipitated tRNAA™ was labeled at its 3’ end,
and individual species were isolated by gel
electrophoresis (9). The tRNA,* species
was subjected to mild ribonuclease digestion
in the presence or absence of PL-12 anti-
body and analyzed by gel electrophoresis
(Fig. 2). The antibody blocked digestion of
bonds in the anticodon loop by the single-
strand—specific ribonucleases T, Bacillus ce-
reus, and T, (which are specific for G resi-
dues, for pyrimidines, and are not base-
specific, respectively). Similarly, digestion
by the double-strand—specific ribonuclease
V, of bonds in the stem on the 5’ side of the
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