CMLS, Cell. Mol. Life Sci. 54 (1998) 721-725
1420-682X/98/070721-05 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 1998

Research Article

ICMLS Cellular and Molecular Life Sciences

Developmental expression of NMDA receptor subunits and
the emergence of glutamate neurotoxicity in primary
cultures of murine cerebral cortical neurons

I. Mizuta®***, M. Katayama®***, M. Watanabe®, M. Mishina® and K. Ishii*

“Department of Cell Biology, Institute for Virus Research, Kyoto University, Sakyo-ku, Kyoto 606 (Japan)
®Department of Anatomy, Hokkaido University School of Medicine, Sapporo 060 (Japan)
“Department of Molecular Neurobiology and Pharmacology, School of Medicine, University of Tokyo,

Tokyo 113 (Japan)

Received 7 April 1998; accepted 30 April 1998

Abstract. Using primary cultures of murine cerebral
cortices, we investigated the developmental expression
of N-methyl-D-aspartate (NMDA) receptor subunits
in relation to the appearance of NMDA receptor-
mediated glutamate neurotoxicity. The cultures were
not affected by glutamate exposure on culture days
7-9, but became sensitive to glutamate neurotoxicity
on day 11. The expression of NMDA receptor subunit
messenger RNAs (mRNAs) was investigated by means
of reverse transcription polymerase chain reaction
(RT-PCR). The &3-NR2C and &4-NR2D transcripts
could not be detected in the culture. The &2-NR2B
and (1-NR1 subunit mRNAs, on the other hand,
could be detected clearly and continuously from
the culture initiation, and the &1-NR2A subunit m-
RNA became clearly detectable on culture day 4.

The expression of these three subunits’ proteins in the
glutamate-insensitive stage (culture day 8) and the sensi-
tive stage (day 11) were studied by means of Western
blotting. The ¢2-NR2B and {1-NR1 subunit proteins
were clearly expressed on culture days 8 and 11, but the
¢l-NR2A subunit protein could hardly be detected
on either day 8 or day 11. These results suggest that the
glutamate neurotoxicity in the primary culture was
mediated mainly by ¢2/{1 NMDA receptors. The time
lag between the protein expression of the ¢2-NR2B
and {1-NR1 subunits and the emergence of glutamate
neurotoxicity may be necessary for the maturation
of functional NMDA receptor systems, including
heteromeric receptor formation, increase in receptor
density and maturation of the postreceptor signal
transduction system.
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Glutamate, a major excitatory neurotransmitter in the
brain, mediates important physiological roles, including
learning and memory, as well as pathological neuro-
toxic effects [1-3]. Glutamate receptors are classified
into ionotropic receptors, including NMDA (N-methyl-
D-aspartate), AMPA («-amino-3-hydroxy-5-methyl-4-
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isoxazole propionate) and KA (kinate) subtypes, and
metabotropic receptors [4, 5]. Glutamate neurotoxicity
is mainly mediated by NMDA ionotropic receptors,
which are widely distributed in the brain [6, 7]. Five
NMDA receptor subunits have been cloned and named
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Figure 1. NMDA receptor-mediated glutamate neurotoxicity in
primary cultured cortical neurons. (4) Cell viabilities after gluta-
mate exposure relative to vehicle treatment were plotted against
the culture days. Data are shown as mean + SD (n=2-4). (B)
Primary culture protected against glutamate neurotoxicity by
MKS801 on day 1. Cell viabilities after vehicle (white column),
glutamate (black column) and glutamate + MK801 (striped
column) exposure relative to before treatment are presented as
mean + SD (n=4). Cell viability after glutamate exposure de-
creased significantly in comparison with those after the other two
treatments (Student’s ¢ test, *P < 0.001).
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(1, €1, €2, ¢3 and ¢4 in mouse, and NR1, NR2A,
NR2B, NR2C and NR2D in rat [§-11].

Previous studies have shown that the functional
NMDA receptor is composed of {1-NR1 and one (or
more) of the four &-NR2 subunits [12—15]. Electro-
physiological and pharmacological properties of
NMDA receptors differ according to each subunit’s
composition, mainly in terms of ¢-NR2 subunits [12—
15]. However, molecular diversities of NMDA recep-
tors in relation to glutamate neurotoxicity have been
less thoroughly studied. Although some recent reports
have referred to this issue by using cultures of cerebel-
lar granule cells [16, 17], little has been reported in the
case of cerebral cortical neurons. The NMDA receptor
subunits, especially the e-NR2 subunits, are expressed
in a temporal- and spatial-specific manner [18-21].
Therefore, the same or a similar analysis as for cerebel-
lar neurons is needed for cortical neurons. One ap-
proach to studying the contributions of each of the
&-NR2 subunits to NMDA receptor-mediated gluta-
mate neurotoxicity is developmental investigation. In
the case of cultures of cerebral cortical neurons, several
developmental studies of either NMDA receptor ex-
pressions or glutamate neurotoxicity have been re-
ported [22, 23], but no report has dealt with these two
parameters simultaneously. Because NMDA receptor
expression patterns are influenced by various culture
conditions [23, 24], it is necessary to examine NMDA
receptor expression and the emergence of neurotoxicity
in the same culture system. In the present study, we
investigated the expression of NMDA receptor subunit
messenger RNAs (mRNAs) and proteins, as well as
glutamate neurotoxicity, in the development of cortical
neurons in the same primary culture system.

Materials and methods

Cerebral cortices were removed from ddY mice which
were killed by cervical dislocation under ether anaes-
thesia. Primary cultures were prepared from the cere-
bral cortices of embryonic day 16 (E 16) sibling mice.
The culture medium was Dulbecco’s modified Eagle
medium containing 5.4 mM KCI, supplemented with
20 mM Hepes (Dojindo Laboratories, Kumamoto,
Japan), 5% fetal calf serum and 10 pM 2-mercap-
toethanol [25]. To inhibit the growth of glial cells, 10
UM arabinosyl cytosine was added to the medium on
culture day 4.

To assay the glutamate neurotoxicity, the cells were
inoculated at a density of 3 x 10° cells per 30-mm dish
(Corning) coated with poly-D-lysine (Sigma), and cul-
tured for 7, 9, 11 and 12 days. As described previously
[26, 27], the cells were exposed to Locke’s solution with
or without 100 pM of glutamate for 15 min, followed
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by incubation in serum-free medium for 24 h, after
which the viable cells were counted under a phase-con-
trast microscope. In some cases, NMDA antagonist
MKS801 (20 pM) was added to the glutamate solution.

mRNAs were extracted from primary cultures and cere-
bral cortices by using a Quick Prep Micro mRNA
purification kit (Pharmacia). The first-strand comple-
mentary DNAs (cDNAs) primed with random hexam-
ers or specific antisense primers were obtained by using
avian myeloblastosis virus (AMV) reverse transcriptase
under the conditions recommended for the commercial
kit (Reverse Transcription System, Promega). Amplifi-
cation of each subunit transcript was performed in 20 pl
of a polymerase chain reaction (PCR) cocktail contain-
ing cDNA derived from 50 ng of mRNA, 4 pmols of
each primer and 0.5 U of Ampli Tag Gold DNA
polymerase (Perkin-Elmer). After incubation at 95 °C
for 9 min, 25 cycles of amplification (30 s at 94 °C, 30 s
at 55 °C and 30 s at 72 °C) were performed. Sense and
antisense PCR primers were as follows: ¢1: 5'-CCCAC-
CTACTCAGGCCACTT-3 and 5-CCGACTGTCC-
CTGGAGCAAT-3' (nt 3664-3683 and 4251-4232 in
databank accession D10217); ¢2: 5-CTCTACGGTG-
GCAGGGCAAA-3 and 5-GGGGTTGGACTG-
GTTCCCTA-3" (nt 3678-3697 and 4356-4337 in
D10651); (1: 5-CTGGTGCTGGATAGGCCTGA-3

(A) l—RT(+)—| r—RT(-)-—.
A M 18

L ———

S . --

g1

Figure 2. RT-PCR analysis of NMDA receptor subunit mRNA
expression. PCR reaction was performed with [RT(+)] or with-
out [RT(—)] reverse transcription reaction. Amplified products
were electrophoresed in 1.2% agarose gel containing ethidium
bromide. (4) Primary cultures of cerebral cortical neurons on
days 4, 7, 11 and 18. (B) Cerebral cortices on embryonic day
16 (E 16), postnatal day 1 (P 1), postnatal day 7 (P 7) and
adulthood (Ad, 13 weeks).
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and 5-GCTGCATCTGCTTCCTACGG-3' (nt 2056—
2075 and 2641-2622 in D10028).

For Western blotting, cells were lysed in a buffer solu-
tion containing 20 mM Tris-HCI (pH 7.4), 1% sodium
dodecyl sulfate (SDS), 1 mM phenylmethylsulphonyl
fluoride. Protein samples (45 pg per lane) were fraction-
ated by 7% SDS-polyacrylamide gel electrophoresis
(PAGE), and then electroblotted to nitrocellulose mem-
branes (S&S). The membranes were blocked with 10%
skim milk in phosphate-buffered saline (PBS) and then
incubated with 1 pg/ml of affinity-purified antibodies
against NMDA receptor subunits which are known as
(1IN, ¢1C and &2N antibodies [28]. Immunoreactive
bands were visualized with an ECL Western blot detec-
tion kit (Amersham).

Results

Glutamate neurotoxicity was assayed in primary cul-
tured cortical neurons on days 7, 9, 11 and 12 (fig. 1A).
Exposure to glutamate did not affect cell viability on
either day 7 or 9. However, the cell viabilities on days
11 and 12 decreased to 40 and 20%, respectively. This
effect was completely blocked by the addition of
MKS801, an antagonist of the NMDA receptor (fig. 1B).
This leads to the conclusion that glutamate neurotoxic-
ity was not seen in immature neurons; it appeared on
culture day 11 and was mainly mediated by NMDA-
type glutamate receptors.

The developmental expression of NMDA receptor sub-
unit mRNAs in the primary culture of the cerebral
cortex was investigated by using the reverse transcrip-
tion-polymerase chain reaction (RT-PCR) technique.
The transcripts of ¢1-NR2A, ¢2-NR2B and {1-NRI1
subunits were clearly detected (fig. 2), but the tran-
scripts of £3-NR2C and ¢4-NR2D could not be detected
(data not shown). No amplified products were obtained
without reverse transcription reaction, indicating that
the PCR products were not derived from contaminated
genomic DNAs. At the beginning of the culture (E 16),
both £2-NR2B and (1-NR1 subunit transcripts were
detected, but the ¢1-NR2A transcript was not. How-
ever, all three subunit transcripts were expressed clearly
and continuously from culture day 4. In cortices of
developing brains, the ¢1-NR2A transcript became de-
tectable at P 1 and increased until adulthood, whereas
e2-NR2B and {1-NRI1 subunit transcripts were ex-
pressed from E 16 (fig. 2), which agrees with the previ-
ous report [21].

We further investigated the protein expression of the
e1-NR2A, ¢2-NR2B and {1-NR1 subunits in the gluta-
mate-insensitive stage (culture day 8) and sensitive stage
(day 11) by Western blot analysis (fig. 3). The ¢1-NR2A
protein was clearly detected in the adult cortex, but not
in the primary culture on either day 8 or 11. We could
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Figure 3. Western blot analysis for expression of ¢l, ¢2 and (1
subunits. The protein samples were extracted from the primary
culture on day 8, day 11 and from the adult (Ad) cortex. Sizes of
the bands labelled by the £1C, ¢2N and {IN antibody, respec-
tively, were 175, 180 and 120 kDa (arrows).

detect only very thin ¢l-immunoreactive bands on days
8 and 11 even after a long exposure (not shown), while
the &2-NR2B and {1-NR1 subunit proteins could be
detected clearly in the primary culture both on days 8
and 11.

Discussion

The primary culture system has major advantages for
the study of the molecular diversity of NMDA recep-
tors in relation to NMDA receptor-mediated glutamate
neurotoxicity. Both developmental studies and inhibi-
tion/induction experiments can be performed using pri-
mary cultured neurons. In the case of primary cultured
cerebellar granule cells, it is known that an exposure to
high concentrations of KCl or NMDA renders the cells
sensitive to NMDA neurotoxicity after prolonged K+
depolarization [29, 30]. Bessho et al. reported that these
treatments selectively induced NR2A subunit mRNA,
and that the cells failed to acquire sensitivity to NMDA
toxicity after depression of NR2A by antisense oligo-
nucleotide treatment [16]. Furthermore, Didier et al.
recently reported that antisense oligonucleotide treat-
ment of either ¢1-NR2A, ¢2-NR2B or ¢3-NR2C re-
duced protein expression, followed by attenuation of
NMDA neurotoxicity to a similar extent [17]. Studies of
cerebral cortical neurons reported that depression or
destruction of the {1-NR1 subunit resulted in, respec-
tively, reduced or no sensitivity to neurotoxicity [31, 32],
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but little is known about the relation between ¢-NR2
subunits and glutamate neurotoxicity.

The NMDA receptors in adult cerebral cortex are
mainly composed of ¢1-NR2A, ¢2-NR2B and {1-NR1
subunits. During the development of the cerebral cor-
tex, the expression of ¢él-NR2A mRNA follows that of
the ¢2-NR2B and {1-NR1 subunits [21, 31, 32]. De-
layed expression of the ¢1-NR2A mRNA was also
observed in our primary culture (fig. 2). We hypothe-
sized that the additional expression of the &1-NR2A
subunit might be necessary for the primary culture to
become sensitive to glutamate neurotoxicity. To ascer-
tain this possibility, the protein expression of these three
subunits in the glutamate-insensitive stage (day 8) and
the sensitive stage (day 11) was investigated (fig. 3). The
£2-NR2B and {1-NR1 subunit proteins were detected
clearly on days 8 and 11, but the ¢1-NR2A subunit
protein could be hardly detected on day 8 or day 11,
indicating that the ¢1-NR2A subunit mRNA was only
slightly translated even after the emergence of gluta-
mate neurotoxicity. Sucher et al. previously reported
that the NRI subunit mRNA was not translated in
PCI12 cells [33]. Similarly, posttranscription regulation
might suppress the translation of the é1-NR2A subunit
transcript in primary culture. These results suggest that
the glutamate neurotoxicity of the primary culture was
mainly mediated by the ¢2/{1 subunits. The time lag
between the protein expression of the &2-NR2B and
{1-NR1 subunits and the emergence of glutamate neu-
rotoxicity may be necessary for formation of the het-
eromeric ¢2/{ 1 receptors and/or increase in the receptor
density. However, the possibility cannot be excluded
that the emergence of glutamate toxicity was not merely
due to the formation of functional NMDA receptors
but also to a reduced intracellular Ca*>* buffering ca-
pacity [34] and/or related changes in the metabolism of
cortical neurons.
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