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ABSTRACT Molecular cloning identified complementary
DNA species, from a rat ventral midbrain library, encoding
apparent splice variants of the N-methyl-D-aspartate (NMDA)
receptor NMDARI1 (which we now term NR1a). Sequencing
revealed that one variant, NR1b, differs from NR1a by the
presence of a 21-amino acid insert near the amino end of the

N-terminal domain and by an alternate C-terminal domain in’

which the last 75 amino acids are replaced by an unrelated
sequence of 22 amino acids. NR1b is virtually identical to NR1a
in the remainder of the N- and C-terminal domains, at the 5’
and 3’ noncoding ends, and within the predicted transmem-
brane domains and extracellular and cytoplasmic loops. These
findings suggest that the two forms of the receptor arise by
differential splicing of a transcript from the same gene. Se-
quencing of other clones indicates the existence of a third
variant, NR1c, identical to NR1b in its C terminus but lacking
the N-terminal insert. NR1b RNA injected into Xenopus
oocytes generated functional homomeric NMDA channels with
electrophysiological properties distinct from those of NRla
homomeric channels. NR1b channels exhibited a lower appar-
ent affinity for NMDA and for glutamate. NR1b channels
exhibited a lower affinity for D-2-amino-5-phosphonovaleric
acid and a higher affinity for Zn**. The two receptor variants
showed nearly identical affinities for glycine, Mg2*, and phen-
cyclidine. Spermine potentiation of NMDA responses, promi-
nent in oocytes injected with rat forebrain message, was also
prominent for NR1a receptors, but was greatly reduced or
absent for NR1b receptors. Treatment with the protein kinase
C activator phorbol 12-myristate 13-acetate potentiated
NMDA responses in NR1b-injected oocytes by about 20-fold;
potentiation of NMDA responses in NR1a-injected oocytes was
much less, about 4-fold. These findings support a role for
alternate splicing in generating NMDA channels with different
functional properties.

Glutamate is the primary excitatory neurotransmitter in the
central nervous system. Channel-forming glutamate recep-
tors in rat are encoded by about 20 identified genes in at least
four gene subfamilies, GluR1 to GluR4 [encoding kainate/a-
amino-3-hydroxy-5-methyl-4-isoxazole-4-propionic acid re-
ceptors (1-4)], GluRS, GluR6, and KA [kainate receptors
(5-7)], and NMDAR [N-methyl-D-asparate (NMDA) recep-
tors (8, 9)]. In recent years the NMDA receptor has attracted
considerable interest due to its proposed roles in long-term
potentiation (e.g., ref. 10), synaptogenesis, and developmen-
tal structuring (11). Moreover, NMDA receptor-mediated
toxicity is thought to represent a final common pathway for
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the neurodegeneration associated with a wide range of neu-
rological insults including trauma, hypoglycemia, ischemia,
and epilepsy, as well as Alzheimer disease and Huntington
disease (12).

The recently cloned NMDA receptors from rat, NMDAR1
(8) and NMDAR2A-C (9), belong to the large superfamily of
ligand-gated ion channels. Analyses of the predicted protein
sequences reveal characteristic structural motifs including a
large extracellular N-terminal domain, a small extracellular
C-terminal domain, four transmembrane domains (the sec-
ond of which is flanked by negatively charged residues and is
thought to line the ion channel), and possible phosphorylation
sites within the second cytoplasmic loop. The NMDAR1
receptor exhibits significant amino acid homology with other
glutamate receptors, particularly evident in the hydrophobic
membrane-spanning regions, and is more distantly related to
other members of the ligand-gated superfamily. The diversity
of functions associated with NMDA receptor activation
could reflect the existence of multiple NMDA receptor
subtypes or splice variants.

Here we report the identification and cloning of cDNAsY
encoding apparent splice variants of the rat NMDARI re-
ceptor, which we now term NRla. One receptor variant,
NRI1b, differs from NR1a by the insertion of 21-amino acid
residues near the amino end of the N-terminal domain and the
presence of an alternate C-terminal domain. The C-terminal
replacement arises from a nucleotide deletion that includes
the stop codon of NR1a and leads to formation of a new open
reading frame. These structural differences impart to NR1b
receptors a severalfold lower affinity for agonists, reduced
potentiation by the polyamine, spermine, and increased
potentiation by activators of protein kinase C (PKC). An-
other variant, NR1c, has the C-terminal modification but
lacks the N-terminal insertion.

MATERIALS AND METHODS

¢DNA Cloning. To isolate cDNAs encoding NMDA recep-
tor subtypes, we used a size-selected (>2.5-kilobase insert
size) ventral midbrain cDNA library constructed in the AZAP
vector (13). The library was screened with a 441-base frag-
ment of the rat NR1a receptor cDNA (8), obtained by PCR.
Two degenerate oligonucleotide primers constructed accord-
ing to amino acid sequences 495-502 (KKEWNGMM in the
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N-terminal region just preceding the transmembrane domain)
and 634-641 (MVWAGFAM in the third transmembrane
domain) of NR1la were used to PCR amplify homologous
sequences from rat midbrain cDNA (see Fig. 1A4). The
amplified DNA, apparently a single species corresponding to
amino acids 495-641 of NR1a, was excised from the gel,
subcloned, radiolabeled by random priming, and used to
screen the rat ventral midbrain cDNA library. Hybridization
was performed in 3 X standard saline citrate buffer containing
29% formamide (18 h at 37°C). Plasmids were rescued from
AZAP clones by autoexcision as described (13). Nucleotide
sequence analysis was performed on denatured double-
stranded templates by manual and automated sequencing
13).

Oocyte Methods. Oocytes were removed from the ovarian
lobes of anesthetized Xenopus laevis, defolliculated, injected
with NR1a or NR1b RNA (50 ng per cell), and maintained at
18°C (14, 15). The NR1a clone was obtained from Shigetada
Nakanishi (Kyoto, Japan). After 4 or 5 days, oocytes were
placed in a recording chamber and perfused with Mg?*-free
ND-96 solution (116 mM NaCl/2.0 mM KCl/0.5 mM
CaCl,/10 mM Hepes, pH 7.2). Drugs were applied by bath
perfusion during recording under two-electrode voltage
clamp (14, 15).

RESULTS

Isolation and Characterization of NR1b and Identification of
NR1c. A cDNA library of rat ventral tegmentum and mid-
brain was screened using the 441-base fragment of NRla
obtained by PCR, as described in Materials and Methods.
Twenty clones hybridized to the NR1a fragment. Restriction
analysis with EcoRI indicated that one clone differed from
NR1a. This clone, NR1b, was found by an initial nucleotide
sequence analysis to be identical to NR1a in the 5’ untrans-
lated region, which originates at nucleotide —19 of NR1a, and
in the distal 3’ untranslated region, which extends to nucle-
otide 3946 of NR1a (8).

Further sequence analysis demonstrated that NR1b differs
from NR1a at two principal locations (Fig. 1A). As discussed
further below, these differences are likely to result from
alternate splicing. NR1b contains an additional 63-base se-
quence encoding a 21-amino acid insert within the predicted
N-terminal domain (Fig. 1A). NR1b also lacks 467 bases in
the region corresponding to the end of the predicted C-ter-
minal domain and extending beyond the stop codon of NR1a.
This deletion removes the last 75 codons and more than 240
bases of the 3’ noncoding region and yields a different open
reading frame that encodes an additional 22 amino acids
before a stop codon is reached at a position corresponding to
nucleotide 3123 of NR1a (Fig. 1C).

The insert within the predicted N-terminal domain of NR1b
is enriched in basic amino acid residues. The C terminal of
NRI1b contains a consensus sequence for asparagine-linked
glycosylation not present in NR1a (asterisk in Fig. 14). NR1b
has an additional minor variation with respect to NRla, a
silent mutation of guanine to adenine at base 1584 of NR1a,
which creates an EcoRI site at codon 549 of NR1b (arrow-
head in Fig. 1A). The presence of several additional silent
mutations was suggested by single-strand sequencing but was
not confirmed.

NR1b and NR1a are virtually identical in their common 3’
and 5’ noncoding regions and in the regions encoding the
predicted transmembrane domains, the extracellular and
cytoplasmic loops, and the N- and C-terminal domains except
for the differences noted above. Thus, they most likely arise
as a result of alternate splicing of the primary transcripts of
a single gene. However, the silent mutation at nucleotide
1584 of NRla and probably several others may represent
alleles of the rat NMDARI1 gene.
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FiG.1. Predicted amino acid sequence of NR1b and summary of
differences in nucleotide sequences between NR1b and NR1a. (A)
The predicted amino acid sequence. The 22-amino acid insert into
NRI1b at residue 190 (or 189) is indicated in boldface letters; because
of repetition of the lysine residue it has two equivalent sequences
indicated by connected arrows. The alternate C terminus is indicated
in boldface letters. The added asparagine-linked gyclosylation site is
indicated by an asterisk. Also indicated by underlining are the
putative signal peptide (SP) and the four membrane-spanning regions
(TM1-TM4). The site of the PCR-generated probe is indicated by
bent arrows. The EcoRI restriction site in the cDNA is at the codon
for the amino acid indicated by an arrowhead. (B) The site of the
insert showing both the coding and amino acid sequences (numbered
according to NR1a; ref. 8). Because the coding sequence in the insert
region starts and ends with the underlined sequence, CCAAG, the
exact site at which a single exon inclusion could occur cannot be
determined from the nucleotide sequence. There are six possible
splice sites between bases 566 and 572 of NR1a. For each site the
presumptive exon differs at it 5’ and 3’ ends, so as to give the same
final sequence. The connected arrows over the nucleotide sequence
indicate the extreme 5’ and 3’ possible sites of the insertion and the
corresponding exon sequences. The connected pairs of arrows under
the amino acid sequence indicate the two possible sequences of the
resulting amino acid insert. (C) The alternate C-terminal coding and
amino acid sequences (numbered according to NR1a). Because the
four bases in NR1a after base 2585 are the same as those before base
3057, there are five possible sites (two of which are indicated by
arrows) at which a presumptive single exon could be omitted and five
corresponding starts of the following sequences.

Five additional cDNAs, likely to be independent clones on
the basis of differing sizes, were found by partial nucleotide
sequence analysis to have the same C-terminal deletion as
NR1b (data not shown) but not the N-terminal addition.
Thus, there must be at least one other variant, which we
provisionally term NRlc.

NR1b Directs the Translation of Functional NMDA Recep-
tors. The functional properties of NR1b and NR1la homo-
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meric channels were compared by voltage-clamp analysis
following expression of the corresponding RNAs in Xenopus
oocytes. NR1b responses to NMDA (300 uM with 10 uM
glycine) and to glutamate (100 uM with 10 uM glycine) were
characterized by an initial peak inward current that decayed
to a steady-state level, similar to NR1a responses (Fig. 24;
ref. 8). Concentration-response relations were determined
for the activation of NR1b and NR1a receptors (Fig. 3). The
apparent affinity of NR1b for NMDA was about 5-fold lower
than that of NR1a (Table 1). The calculated Hill coefficients
did not differ significantly (1.15 + 0.04 for NR1b, 1.03 = 0.03
for NR1a). The apparent affinity of NR1b for glutamate was
also lower than that of NR1a (Table 1). These data demon-
strate that the subunits form functional homomeric channels
with different affinities for NMDA and L-glutamate. We saw
no evidence of formation of heteromeric channels in oocytes
coinjected with NR1a (25 ng) and NR1b (25 ng).

The sensitivity of the channels encoded by NR1b to other
glutamate receptor agonists and antagonists was also inves-
tigated. Oocytes injected with NR1b RNA showed no re-
sponse to kainate (100 uM) or to quisqualate (100 uM; data
not shown). NR1b responses to NMDA were blocked by
APV (Fig. 2B). The ICso for APV at NR1b receptors was
about 1.6 times that at NR1a receptors (Table 1). The two
variants showed the same apparent affinities for glycine.

NMDA responses in oocytes expressing NR1b receptors
were blocked by Mg?* (100 uM) in a voltage-dependent
manner (data not shown). The reversal potential (—20 mV)
was the same with and without Mg2* (Table 1). The ICsq for
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Fi1G. 2. NRla and NR1b each directs the synthesis of functional
NMDA receptors in Xenopus oocytes. (A) Inward current responses
to application of NMDA (300 uM with 10 uM glycine) and L-gluta-
mate (Glu; 100 uM with 10 uM glycine) are shown. Membrane
potential was held at —100 mV. Each record is from a different
oocyte. (B) Responses of NR1b receptors to NMDA (300 uM with 10
uM glycine) were blocked by the competitive antagonist D-2-amino-
S-phosphonovaleric acid (APV; 100 uM) and showed typical use-
dependent block and recovery upon application of the channel
blocker phencyclidine (PCP; 100 nM).
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Fic. 3. Concentration-response relations for NMDA of NR1b
(@) and NRla (O) receptors. Responses were normalized to the
maximal current calculated by fit by nonlinear regression to the Hill
equation, excluding the point at the highest concentration for each
clone at which desensitization may have been occurring. Each point
represents the mean (+ SD) of agonist-evoked currents measured in
triplicate in eight different oocytes, voltage clamped at —100 mV.

Mg?+ at a holding potential of —60 mV was the same at NR1b
and NR1a receptors. The ICsy for Zn2* was about 2-fold
lower for NR1b than for NR1a. The ICs for phencyclidine
was the same for the two receptor variants. All these prop-
erties of homomeric NMDA channels are very similar to
those of NMDA channels expressed in oocytes injected with
rat brain mRNA (14) or to those of neuronal NMDA channels
17, 18).

Potentiation by the Polyamine, Spermine. Spermine differ-
entially affected NR1a and NR1b responses. At —60 mV and
saturating glycine (10 uM), spermine (250 uM) reversibly
potentiated NR1a responses (Fig. 4B), as was observed in
oocytes expressing rat forebrain mRNA (19) and cortical
neurons (20). However, under these conditions, spermine
produced at most a small inhibition of NR1b responses (Fig.
4A). At a more hyperpolarized potential (—100 mV), sper-
mine produced a modest inhibition of NR1a responses (pla-
teau phase) and a more pronounced inhibition of NR1b

Table 1. Functional properties of NRla and NR1b homomeric
channels expressed in Xenopus oocytes

NR1b NRla

Ligand ECso or ICso’ n ECso or ICsot n
NMDA 6715 8 13.2 £ 0.9 6***
Glutamate 56+1.2 3 1.7 £ 0.2 3*
APV 2.5+0.3 5 1.6 £ 0.1 6*
Glycine 0.90 + 0.12 8 1.0 £ 0.10 5
Mg2+ 28+7 4 27+ 6 4
Zn2* 34 £ 43 4 56 +3 3**
Phencyclidine 2 +34 4 1724 2

Values are means = SEM of mean responses for single oocytes. n,
Number of oocytes. NMDA and glutamate were applied with 10 uM
glycine. Antagonists were applied with NMDA (300 uM) and glycine
(10 uM). For APV the measured value, IC5,, was corrected for
NMDA concentration, [NMDA], and apparent affinity, ECso NmMDA,
according to the equation ICsp = IC50/(1 + [NMDA]/ECso NMDA)-
Significance was determined by Student’s ¢ test. *, P < 0.05; **, P
< 0.01; **=, P < 0.0001.
tValues are micromolar except for phencyclidine, which is nanomo-

lar.
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Fi1G. 4. Spermine differentially modulates NR1b and NR1a re-
ceptors. (A) At —60 mV, spermine (250 uM) slightly reduced the
NRI1b response to NMDA (300 uM with 10 uM glycine). At —100
mV, spermine markedly reduced the response. (B) At —60 mV,
spermine (250 uM) potentiated the NR1a response to NMDA. At
—100 mV, spermine reduced the plateau phase of the response.

responses. At low glycine (0.1 uM; cf. ref. 19) and at =70 mV
or more positive potentials, spermine produced increased
potentiation of NR1a responses and a modest potentiation of
NRI1b responses (data not shown).

Modulation of Channel Activity by PKC Activators. The
PKC activator phorbol 12-myristate 13-acetate (PMA; 10 nm
or 1 uM) potentiated NR1b responses to NMDA (300 M) by
about 15- to 20-fold (Fig. 5A and Table 2). The effect required
minutes to develop. Potentiation by PMA (1 uM) of NR1la
responses or of responses of receptors expressed from rat

A NRI1b B NR1a
after PMA (10 nM) after PMA (10 nM)
NMDA  NMDA NMDA  NMDA
10nA] 10nal__
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—
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FiG.5. PMA potentiates responses of NR1b and NR1a receptors
differentially. (A) PMA potentiated NR1b responses to NMDA (300
uM with 10 uM glycine) in Xenopus oocytes by about 20-fold.
Responses to NMDA (300 M) before (Left) and after (Right) a
10-min treatment with 10 nM PMA; high and low gains are shown in
upper and lower traces, respectively. (B) PMA potentiated this NR1la
response to NMDA much less, about 3-fold. (C) Potentiation of
NR1b responses by 10 nM PMA was almost completely blocked by
a 15-min pretreatment with sphingosine (1 uM) followed by coap-
plication of sphingosine and PMA for 10 min.
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Table 2. Effect of kinase modulators on responses of
NR1b receptors

Treated/control,
Compound Action mean = SEM n
PMA (1 uM) PKC activator
(phorbol ester) 19 + 4.6 6
PMA (10 nM) 15+29 3
Mezerein (1 uM) PKC activator
(diterpene) 161 2
Mezerein (100 nM) 8+0 2
4a-Phorbol (1 uM) Inactive form of
PMA 1 4
8-Br-cAMP
(1 or 3 mM) PKA activator 1 2
Forskolin (5 or 10 uM) PKA activator 1 3
PMA (10 nM) +
staurosporine (1 uM) PKC inhibitor 2+03 2
PMA (10 nM) +
sphingosine (1 uM) PKC inhibitor 1+0.2 2

Steady-state currents elicited by application of NMDA (300 uM)
with glycine (10 uM) were recorded from oocytes injected with NR1b
RNA, after a 10-min treatment with compounds as indicated. Po-
tentiation is measured as the ratio of steady-state responses to
NMDA after and before treatment with the compound(s) indicated.

brain mRNA was much less (4.5- and 4-fold, respectively, P
< 0.01 vs. NR1b by ¢ test; see also Fig. 5B). Application of
mezerein, a nonphorbol PKC activator, also produced a
marked potentiation of the NMDA response of NR1b recep-
tors (Table 2). The effect of PMA was almost completely
blocked by preapplication of the PKC inhibitors staurospo-
rine (1 »M) and sphingosine (1 uM; Fig. 5C and Table 2). No
effect was produced by an inactive phorbol ester 4a-phorbol
(1 uM) or by the protein kinase A activators 8-Br-cAMP (3
mM) and forskolin (10 uM).

DISCUSSION

Our study demonstrates the presence of at least three appar-
ent splice variants of the NMDARI receptor in rat brain.
NR1b differs from NR1a by the presence of an additional 63
nucleotides in the N-terminal domain encoding 21 amino
acids and the absence of 467 nucleotides in the distal end and
downstream from the coding region of NR1a. This deletion
results in replacement of the last 75 amino acids with an
unrelated sequence of 22 amino acids, and part of the
noncoding sequence of NR1la is converted into coding se-
quence in NR1b. That NR1b is virtually identical to NR1a in
the coding and noncoding regions except for these differences
indicates that the two forms of the receptor arise by differ-
ential splicing of a primary transcript of the same gene. NR1c
has the deletion, but not the insert, which is a further
indication of alternate splicing.

The functional differences between NR1b and NR1a are
marked and include differences in agonist affinity and poten-
tiation by spermine and PKC activators. A 100-amino acid
segment within the predicted N-terminal domain of other
glutamate receptor subtypes is implicated in agonist binding
(4, 21). Although NR1b has reduced agonist affinity, its
modifications relative to NR1a are not in this region and may
affect the site through alterations in the secondary and
tertiary structure of the protein. Synapses with homomeric
NR1b receptors would exhibit reduced responses to gluta-
mate and potentiation by spermine but enhanced potentiation
by PKC.

Cell-specific alternate splicing may underlie the variation
in polyamine action observed in three studies of different
central nervous system regions (20, 22, 23). Two of these
studies (20, 23) indicate a dual action for spermine. At
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hyperpolarized potentials and relatively high concentrations,
spermine reduces NMDA single-channel conductance by
rapid channel block or charge screening; the reduction is
negligible at —40 mV. Spermine also increases mean open
time (20), accounting for the potentiation seen at less hyper-
polarized potentials. Our finding that NR1b receptors exhibit
much less spermine potentiation at high glycine compared to
NR1a, but stronger inhibition at hyperpolarized potentials,
provides further support for the existence of independent
sites for potentiation and reduction in single-channel con-
ductance.

Several findings indicate that PMA potentiates NR1b and
NR1aresponses by activation of PKC: (i) PMA and mezerein
produce potentiation at nanomolar concentrations, (ii) the
onset of activation by PMA is delayed, and (iii) PMA
potentiation is greatly reduced by the PKC inhibitors stau-
rosporine and sphingosine. Other studies have suggested that
activation of PKC leads to potentiation of NMDA responses
(16, 24, 25).

Alternate splicing in the region encoding the C terminus is
found in other glutamate receptors. The mouse has two
variants of NR1, {1, which is nearly identical to NR1a, and
a shorter form, £1-2 (25). {1-2 exhibits a deletion in the
predicted amino acid sequence that starts at the same residue
as in NR1b, but extends only 37 amino acids, leaving the final
38 residues unchanged. {1 has two adjacent possible sites at
which a single exon could be omitted, at bases corresponding
to 3056 and 3057 of NR1a. The high degree of conservation
between rat and mouse suggests that one of these bases is
likely to be the splice site for rat as well. However, the
nucleotide deletion in {1-2 is much shorter than the nucleo-
tide deletion in NR1b. There may be an additional splice
variant in rat corresponding to mouse {1-2. No functional
differences, including in potentiation by spermine and PKC
activators, were noted for the mouse ¢ variants with respect
to each other or to NR1a (25).

GluR4, which has “‘flip’’ and “‘flop”’ splice variants (26),
also has a C-terminal variant, GluR4c, affecting the C ter-
minal (27). Apparently, inclusion of an exon causes replace-
ment of the terminal 54 amino acids of GluR4 by a shorter,
unrelated sequence of 36 amino acids. Interestingly, the
C-terminal region of GluR4c is highly similar to that of GluR2
and GluR3, but not of GluR4 or GluR1. Assays of function
showed differences between flip and flop variants of GluR1
and GluR3 (26), but were not noted for GluR4c compared to
GluR4 (27). It is of interest with respect to region-specific
regulation of alternate splicing that none of the six basal
midbrain cDNAs sequenced by us is identical to NR1a, which
was cloned from a rat forebrain cDNA library (8).

Our study shows that NR1b and NR1a receptors differ in
agonist and antagonist affinity and in potentiation by the
polyamine, spermine, and activators of PKC. It remains to be
determined which differences between NR1b and NR1a are
functionally relevant. Where differences are not detected
electrophysiologically, receptor variants may differ in other
aspects such as assembly or localization on the cell surface.
Clearly, the presence of different receptor splice variants is
one factor that may contribute to differences in glutamatergic
synaptic transmission.

Note Added in Proof. Two additional reports of apparent splice
variants of NR1 have now appeared (28, 29) and are in agreement
with (and complement) our sequence data. Together, their and our
studies are consistent with the presence of three exons that can be
independently spliced in, one encoding the N-terminal insert of NR1b
and two that together comprise the deletion in NR1b and NR1c.
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