
ABBREVIATIONS: EAA, excitatory amino acid; AMPA, a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; NMDA, N-methyl-D-aspartate; APV,
o-amino-2-phosphonovalerate; EPSC, excitatory postsynaptic current; GFAP, glial fibnllary acidic protein; SSC, standard saline citrate; aRNA,
antisense RNA; PCR, polymerase chain reaction; SDS, sodium dodecyl sulfate; bp, base pair(s); GluR-1-6, glutamate receptor types 1-6; NMDAR1
and -2, N-methyl-o-aspartate receptor types 1 and 2; KA2 and -2, kainate receptor types 1 and 2.
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SUMMARY
Glutamate-mediated neurotransmission occurs through the ac-
tivation of multimeric postsynaptic receptors. One mechanism
by which functional diversity of glutamate responsiveness may
occur is by a single cell expressing multiple receptors containing
different subunits. In a direct test ofthis hypothesis, we examined
the glutamate receptor subunit mRNA composition of several
individual CAl neurons in hippocampal slices. Experiments used
amplified antisense RNA coupled with expression profiling and
polymerase chain reaction amplification to identify and determine
the relative amounts of subunit mRNAs co-localized in single
cells. The results demonstrate that each CAl neuron contains
varying amounts of most glutamate receptor mRNAs. In addition
to relative mRNA levels, the single-cell approach also highlighted
other possible sources of receptor diversity. This included the

existence of novel, alternatively spliced forms of the N-methyl-D-
aspartate receptor type 1 and glutamate-kainate receptor type
2 subunits. Surprisingly, levels of N-methyl-D-aspartate receptor
type 1 mRNA were relatively low, compared with those of other
glutamate receptor mRNAs. One postulated source of potential
heterogeneity, RNA editing, was not a general cellular mecha-
nism. There was no evidence that glutamate receptor type 5
mRNA was edited in any of the cells that were examined. These
data show that individual CAl neurons, in the intact synaptic
network of hippocampal slices, generate glutamate receptor
mRNA diversity in several ways, which together contribute to
the diversity of functional receptors observed eiectrophysiologi-
cally.

Glutamate is the principal neurotransmitter candidate at
most central nervous system excitatory synapses. It initiates

its physiological activity by binding to EAA receptors at the

postsynaptic cell surface. Historically, glutamate receptors were

classified into three categories based upon agonist affinities,

i.e., NMDA, AMPA, and kainate receptors (1). Electrophysio-

logical recordings from cells in primary cultures and live slice
preparations (2-8) have documented a tremendous diversity of
conductances and kinetics after glutamate receptor activation.
This has led to the hypothesis that native EAA receptors exist

in multiple forms (4, 9). Electrophysiological investigations of

multiple receptors are limited by the lack of specific agonists
and antagonists that distinguish among hetero-oligomeric re-
ceptors.

Another approach to studying single-cell receptor diversity
is to use molecular biological techniques to determine which
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EAA receptor subunit mRNAs are simultaneously present in

individual cells. Molecular cloning of the glutamate receptors

indicates that there are at least 14 individual subunits (10-18).

Some of these subunit proteins were demonstrated to produce

in vitro hetero- and homomeric complexes with diverse func-

tional and pharmacological responses to EAA agonists (10-19).

Thus, the diversity of glutamate responsiveness may be due, in

part, to cellular expression of multiple glutamate receptor

mRNAs, giving rise to an array of distinct receptor channels.

If receptor diversity is generated in the central nervous system
by expression of multiple receptor subunit genes, then cellular

co-localization of multiple receptor subunit mRNAs is required.

Evidence supporting this hypothesis has consisted of in situ

hybridization studies using a limited number of receptor probes

in serial tissue sections (12, 16, 18, 20).

The present experiments were designed to demonstrate

which glutamate receptor subunit mRNAs are simultaneously

present in individual hippocampal CAl neurons in live slice

preparations and to determine their relative abundances. In
addition, examination of mRNA within single neurons was
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used to determine whether post-transcriptional editing of glu-

tamate receptor mRNA (21, 22) occurs. The present results

provide insight into the degree of receptor subunit mRNA
diversity present within individual hippocampal neurons.

Materials and Methods

Slice preparation and eDNA synthesis. Sprague-Dawley rat
pups (10-20 days of age) were used in this study. Animals were

sacrificed by decapitation and 200-tim-thick coronal sections of the

hippocampus were removed and studied as described previously (23,
24). A whole-cell configuration was formed by aspiration and the cells

were maintained under voltage-clamp conditions at a resting potential

of -70 mV. Because of the complexity of pharmacological responsive-

ness of the glutamate receptor system, the functional nature of the
expressed channels in the examined pyramidal cells was not deter-

mined. We have determined that at least some of the cells express
functional NMDA receptors, because of the ability of APV to block
use-dependent enhancement of EPSCs (24). Pharmacological charac-

terization of glutamate receptors in live slice preparations is also

hampered by the difficulty of eliciting selective cellular responses, due
to the lack of selective ligands and drug diffusion problems. Further-
more, primary cellular effects are difficult to separate from secondary

cell influences. Synthesis of cDNA from cellular mRNA was initiated
by bringing the reagents that are necessary for cDNA synthesis into

contact with the cellular mRNA in situ. This was accomplished by
application of these components via passive diffusion from a preloaded
patch pipette. After varying time periods (5-15 mm) the cellular

contents were removed by aspiration, a process that was monitored
visually. Completion of cDNA synthesis proceeded in vitro at 37’ for

60-90 mm. Each of the single-stranded cDNAs contained a T7 RNA
polymerase promoter sequence. The cDNA molecules were next con-

verted into a double-stranded template, with removal of unincorporated

deoxynucleotide triphosphates (25). The double-stranded cDNA was

processed into amplifiable template as described (25).

aRNA amplification and expression profiles. Approximately
20% of the solution of cDNAs from each cell underwent in vitro

transcription (24, 25). The aRNA was isolated by phenol-chloroform
extraction and ethanol precipitation, heat-denatured (95’ for 5 mm),

and hybridized to Southern blots at 42* for 48 hr. The Southern blots
contained equimolar amounts of linearized cDNAs for the glutamate
receptors, low molecular weight neurofilament, and GFAP. The hy-

bridization mixture contained 5x SSC, 5x Denhardt’s solution, 100

�ig/ml sheared DNA, and 50% formamide. Blots were washed at a final

concentration of 0.2x SSC/1% SDS at 42’, air-dried, and apposed to

autoradiographic film. The autoradiograms were analyzed using a scan-

ning laser densitometer and the results were calculated as described

previously (24).

The level of any particular mRNA was not quantified in absolute
terms, but the relative ratio of the abundance of multiple mRNAs to

neurofilament mRNA abundance was determined. This normalization

permits analysis of selected mRNA levels in comparison with multiple
other mRNAs from the same sample (24, 26). The population of aRNAs
were processed so that the composite aRNAs were handled similarly.

Variables due to differences in efficiencies of enzymatic reaction, etc.,
were minimized by this procedure.

Efficiency of in vitro amplification of glutamate receptor
cRNAs. In separate experiments, 5-fold and 10-fold greater amounts

of sense cRNAs from linearized cDNAs encoding the glutamate recep-
tor subunits G1uR-1-6 underwent the same enyzmatic reactions as did

material from the single cells, to measure the efficiency of amplification.

Ten to 100 ng of full length cRNAs were transcribed into first-strand
cDNAs using the T7 polymerase promoter-oligothymidine primer.
These cDNAs were made into double-stranded templates and equiva-
lent volumes were amplified by in vitro transcription (24, 25). The
reactions, phenol-chloroform extractions, and ethanol precipitations
for each cRNA were performed in separate tubes.

Conditions of PCR for individual subunit mRNAS. Single-
stranded cDNAs from individual cells were prepared as described above.
Heat-denaturated, single-stranded cDNA was added to a mixture con-

taming 10 mM Tris, pH 8.3, 50 mM KC1, 2 m�i MgCl2, 250 �zM levels of
dATP, dGTP, dCTP, and TTP, 5 units of AmpliTaq DNA polymerase,
and 500 ng of each of the two primers. Conditions for PCR were

selective for different sets of primers and consisted of 30-35 cycles of
1) denaturation (95’ for 1 mm), 2) primer annealing (ranging from 45

to 54’ for 1-2.5 mm), and 3) extension (72 for 1.5-2 mm), followed by
a final extension at 72 for 3 mm. The primers ranged from 20 to 27

bases in length and were chosen from the following nucleotide se-

quences (oligonucleotide name/nucleotide at the 3’ or 5’ end of the
oligonucleotide): GluR-2, 2-1/2065, 2-2/2448, 2-3/2545, 2-4/2608

(FLOP), 2-5/2856, 2-6/3145, 2-7/2608 (FLOP), 2-8/3064, and 2-9/
3245; G1uR-4, 4-1/2390 and 4-2/2842; G1uR-5, 5-1/1708 and 5-2/2280;

G1uR-6, 6-1/1792, 6-2/2355, 6-3/2355, and 6-4/2720; KA2, K-1/pre-

dicted amino acid 743 and K-2/predicted amino acid 904; NMDAR1,
NM1-1/2472 and NM1-2/2739; and NMDAR2 (numbered from NR2A

but will also hybridize to NR2B), NM2-1/predicted amino acid 799

and NM2-2/predicted amino acid 943.

Knowledge of the intron/exon splice sites was used to design oligo-
nucleotides for PCR amplification of GluR-5 and NMDAR1. This
information was not known for the KA2 receptor; hence, it was impos-
sible to predict whether alternative splicing may occur. The PCR-

amplified products are, however, unlikely to result from genomic DNA
amplification, because there is no genomic DNA present in samples

resulting from the use of this technique, as determined by the absence
of middle repetitive elements in the aRNA population.

Confirmation of the PCR products. PCR products from individ-
ual reactions were size-separated in agarose gels, denatured with 0.2 N

NaOH, neutralized with 0.2 M Tris, pH 7.0, and transferred to nitro-
cellulose filters by capillary diffusion. This was followed by hybridiza-

tion of either full length cDNA clones (random primed with [a-�PJ
dCTP to a specific activity of >10� cpm/�tg GluR-2, GluR-4, GluR-6,
and NMDAR1) or oligonucleotides located between the primer pairs

used for PCR (end-labeled with [‘y-32P]ATP to a specific activity of
>iO� cpm/�zg; KA2). Probes were hybridized for 24-72 hr at 68

(cDNAs) or 54� (oligonucleotides). The Southern blots were washed to

a final stringency condition of 0.lx SSC/1% SDS at 60’ (for full length
cDNA probes) or 0.2x SSC/1% SDS at 42 (for internally directed
oligonucleotides). The blots were air-dried and apposed to autoradi-
ographic film for 4-72 hr. Also, the DNA sequences of selected PCR
products were determined to further ensure PCR band specificity and
to test for the occurrence of RNA editing.

Results

Expression profiles of mRNA encoding the glutamate
receptor subunits G1uR-1 through G1uR-6. The experi-
mental outline is depicted in Fig. 1. A recording microelectrode
containing the reagents necessary for cDNA synthesis was used

to perform whole-cell recording on individual CAl neurons in

live slice preparations (23, 24). The CAl neurons (identifiable

by their location and morphological appearence) exhibited

EPSCs upon stimulation of the stratum radiatum (an illustra-
tive example is shown in Fig. 1). The EPSCs persisted in the

presence of a NMDA-specific channel blocker (APV) (1), show-

ing that non-NMDA receptors contributed to the synaptic

responses. The ability to stimulate EPSCs ensured that the

CAl neurons remained viable during the period of study and

that at least one type of presynatic input was present in the
slice preparation. cDNA was made from the cellular mRNA

using an oligo(dT) primer that was extended at the 5’ end with

a T7 RNA polymerase promoter site. The population of cDNAs

was made double-stranded and was then copied into amplified
aRNA using T7 RNA polymerase (24, 25). The radiolabeled
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B. Electrophysiologjcaj Recording
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Fig. 1. Expenmentai design. A, Coronai sections of the hippocampus (1 00-200-sm thick) were prepared for electrophysiologicai study. Patch-clamp
recordings using the whole-cell configuration used microelectrodes containing the reagents necessary for first-strand cDNA synthesis (23, 24). B,
CAl neurons, identified by their morphology, position, and response to extracelluar stimulation of presynaptic Schaffer fibers, were maintained
under voltage-clamp at -70 mV for >5 mm. Upper trace, EPSC evoked in the presence of 100 zM APV. The EPSC must therefore result from the
activation of nOn-NMDA glutamate receptors. Lowertrace, evoked EPSC from another cell in the same slice without APV in the perfusate. Calibration
bars, 0.25 nA and 1 msec. These data are included to show that whole-cell recordings can be performed from the same cells in which the poly(A)�
RNA is amplified. C, The OIigOnUcIeOtIde used for priming cDNA synthesis consisted of an oligo(dT) sequence with the bactefiophage 17 RNA

polymerase promoter sequence located at the 5’ end (25). This oligonucleotide allows for the linear amplification of the poly(A)� RNA population of
an individual cell. D, The amplified aRNA may be used directly as a probe of multiple cDNAs immobilized on nitrocellulose fiRers. This results in a
profile of the relative amounts of the expressed RNAs encoded by these cDNAs. In this representative expression profile, the left column contained
(from top to bottom) cDNAs encoding GIuR-1 , GIuR-2, GIuR-3, GluR-4, GIuR-5, GluR-6, and NMDAR1 and the right column contained the CAMP
response element-binding protein (CREB), the rat homologue for a Drosophila phosphodiesterase (POE), an empty slot, low moleuclar weight
neurofilament (NF-L), an empty slot, and GFAP. The cDNAs were linearized with BamHI and applied to a slot-blot apparatus in equimolar amounts.

The differences in intensities of the hybridization signals reflect the relative abundances of each mRNA from the same neuron. There is little cross-
hybridization of the cDNA clones encoding the glutamate receptors with one another. E, Single-stranded cONA synthesized from aRNA of individual
cells was used as a template for PCR ampiffication of specific glutamate receptor subunits. It should be emphasized that the PCR as used in this
study is not quantitative. The PCR band intensity is therefore not proportional to the abundance of the corresponding mRNAs. Each glutamate
receptor subunit tested for was present in the majority of the examined CAl neurons. In addition, multiple PCR products were apparent after use
of several specific primer pairs (NMDAR1 and KA2). In lanes where there are multiple bands some are novel forms of the amplified subunits (see
Fig. 3). Arrow, position where a band of 600 bp would migrate in this 2.5% agarose gel. Twenty-five CAl neurons from nine Sprague-Dawley rat
pups (age, I 0-20 days) were used in this study.
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aRNA population was used as a hybridization probe for several
glutamate receptor cDNAs, to obtain an expression profile of

relative abundances (Fig. 1D) (24-27). As a specificity control,

the aRNA did not hybridize to a cDNA for GFAP (a specific
glial cell marker) (28) that was included in the expression

profile, indicating that the amplified mRNA was derived from
neurons. Additionally, this control showed that there was no
glial contamination of the microelectrode during penetration

ofthe tissue slice; otherwise, GFAP should have been amplified.
The formation of a gigaseal represents a mechanical barrier
that prevents any mRNAs in the surrounding tissue from

entering the microelectrode that is used for cDNA synthesis.
Other controls for the range of sensitivity of aRNA amplifica-
tion included cDNAs encoding cAMP response element-bind-
ing protein and a rat phosphodiesterase (PDE), both of which

are present in CAl neurons at differing levels. The most intense
hybridization signals were present in the slots containing GluR-
2 and GluR-4, two AMPA-selective receptors (Fig. 1D). Quan-
tification of expression profiles obtained from 21 CAl neurons

by two-dimensional scanning densitometry revealed that mul-
tiple glutamate receptor mRNAs simultaneously exist in differ-
ing amounts within individual cells (Table 1). In Table 1, data

generated for two single cells are compared with the aggregate

of results from 21 individual CAl pyramidal cells. In vitro

transcription using 5-10-fold greater amounts of cRNAs encod-
ing GluR-1-6 demonstrated the linearity of efficiency of am-
plification. The absolute values, based upon the incorporation

of [ce-32P]CTP, were used in mathematical corrections for the
relative values of each receptor subunit. These corrections were
3.33 (GluR-1), 1.74 (GluR-2), 1.35 (GluR-3), 0.79 (G1uR-4),
1.36 (GluR-5), and 1.06 (GluR-6).

The mRNA for NMDAR1 (15) is present in very low levels,
compared with the non-NMDA glutamate receptors (data not

shown), as determined by similar expression profiles. Confir-

mation of the presence of NMDAR1 by another amplification
strategy (see below) indicates that this receptor subunit is

present in CAl neurons but in very low abundances, compared
with the non-NMDA glutamate receptor subunit mRNAs.

Characterization of isoforms of the multiple glutamate

TABLE 1
Relative amounts of glutamate receptors in CAl neurons
The expression profiles from a total of 21 single cells were analyzed with a scanning
laser densitometer. The value for each receptor was calculated as a percentage of

that Obtalned for �w molecular weight neurofilament (NF-L), wt�ch was chosen as
an intemal reference value (24). Multiple exposure times were used to avoid
saturation of the low molecular weight neurofilament signal. For the population of
cells, GIuR-2 and GIUR-4 were present in the largest relative amounts. Autoradi-
ographic signals for NMDAR1 were <1% of the low molecular weight neurofilament
signal in seven of the cells and were absent in the remainder, indicating the low
abundance of this mRNA. The individual percentages for two single cells, HP42
and HP38, are shown as examples of the type of single-cell data that are generated.
In parentheses are relative percentages calculated by using the efficiency of
amplIfication of individual glutamate receptor subunit cRNAs. Five-fold and 10-fold
greater amounts of GIuR-1 -6 cRNAs were processed independently in a manner
identical to that used for the population of poly(A)� RNAs in single cells.

Glutamate Relativeamount
receptor HP42 HP38 Total of 21 cells

% O(NF-L Signs!

GluR-1 1 .1 (3.67) 2.5 (8.33) 1 .46 ± 0.50(4.86)
GIuR-2 33 (57.42) 53.6 (93.26) 23.80 ± 8.31 (41.40)
GluR-3 1 .4 (1 .89) 1 .7 (2.30) 2.70 ± 1 .04 (3.65)
GIuR-4 6.5 (5.14) 7.6 (6.00) 8.96 ± 1 .44 (7.08)
GluR-5 0.9 (1 .22) 1.5 (2.04) 4.08 ± 1 .48 (5.55)
GIuR-6 0.6 (0.64) 0.9 (0.95) 5.49 ± 2.09 (5.82)

receptor subunit mRNAs. Amplification of aRNA is useful
for measuring the relative amounts of several mRNAs. How-

ever, characterization of multiple forms of receptor subunits

that share significant sequence similarity would be difficult to
perform using aRNA and expression profiling alone. If appro-
priately specific cDNA clones have not been generated, then

cross-hybridization between multiple forms of the receptors

may occur. This problem can be avoided by adding additional

specificity to the amplification process. This is accomplished

by using the cDNA made from single-cell-derived aRNA as a

template for amplification using sequence-specific primers in

the PCR (29, 30). Therefore, to determine whether alternative

forms of these receptors exist within a single cell, the population

of aRNAs from individual CAl neurons was first converted

into a single-stranded cDNA population (Fig. 1C). This cDNA

was then used as a template for PCR to amplify specific receptor

sequences. It should be emphasized that the PCR, as used in

this study, was not quantitative. The PCR band intensity is

therefore not indicative of the abundance of the corresponding

mRNA. Sense and antisense oligonucleotides were used as

primers for amplification of portions of G1uR-2 (140 bp), G1uR-

4 (460 bp), G1uR-5 (585 bp), GluR-6 (385 bp), KA2 (a kainate-

selective glutamate receptor subunit) (483 bp) (16), NMDAR1

(307 bp), and NMDAR2A and -2B (432 bp) (Fig. 2) (18). PCR
was successful for each of these receptors in the majority of the

cells examined (Fig. 1E; Table 2). Direct DNA sequencing of

subclones of the PCR products, as well as hybridization of

internally directed oligonuceotide or full length cDNA probes

to Southern blots containing the PCR products (Fig. 3), dem-

onstrated that the amplification was specific for GluR-2, G1uR-

4, GluR-5, GluR-6, KA2, and NMDAR1. PCR with NMDAR2
primers produced an amplified product of the predicted size,

suggesting the presence of cellular mRNAs for these receptors.

Discussion

Several cDNAs have been cloned that encode EAA receptor
subunits (10-18) in neurons. Many of the receptor subunit

proteins encoded by these mRNAs are able to interact to form

functional hetero-oligomers in vitro (3, 5, 6, 8, 9). Electrophys-

- - - - - - 2-1, 2-2, 2-3. 2-4, 2-5, 2-6
GluR2 Di.D-cJ’..-.”#{231}� - - 2-7 2-8 2-9

GIuR4 �D.c:�::�.;uIc3:

GIuR5

�-�- -

6-1, 6-2
6-3,6-4

NUDAR1 ==�= -

NR2A cw:�:��D:

�

Fig. 2. Strategies for PCR amplification. The location and orientation of
the oligonucleotides included in the PCR are depicted as bars above
(sense)and below(antisense) the respective cDNA clones. The distances
between primer pairs ranged from 86 to 1 180 bases. Thick lines, trans-
lated portions of the mRNA; thin lines, untranslated regions; open boxes,
putative membrane-spanning regions. This diagram is not drawn to scale.
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2 Y. Cao, M. Dichter, and J. Eberwine, unpublished observations.

TABLE 2

Detection of receptor subunit mRNAs in CAl neurons
The results obtained from 21 CAl neurons, using a combination of expression profiles and PCR amplification, are contained here. AMPA and kainate receptors are
classified on the basis of highest agonist affinity, as determined in other studies. NMDAR2 data may contain contributions from amplified products for NMDAR2A or -B.
These classifications do not distinguish between already published sequences and novel, alternatively spliced products (discussed in the text). Data from expression
profiles are located to the left of the slash and data from PCR experiments are located to the right of the slash. In the majority of the cells examined, many of the AMPA,
kainate, and NMDA glutamate receptor subunit mRNAs were co-localized. cDNA clones for the KA2 and NMDAR2 subunits were not available for use in the expression
profiles (results in these columns are from PCR amplification alone). +, Confirmation of the presence of this subunit mRNA in a CAl cell; n, inability to detect this subunit
mRNA (PCR was performed a minimum of two times for the majority of the listed results). See text for discussion.

AMPA Kainate NMDA

GluR-2 GIuR-4 GIuR-5 GIuR-6 KA2 NMDAR1 NMDAR2

HP1O +1+ +/n +/+ +/n + +/+ n
HP19 1+ 1+ 1+ n /+ +
HP24 1+ 1+ + /+
HP25 +/n n/ +/+ +/n + +/+ +
HP29 4-/n +/+ n/+ n/ n n/n +
HP3O /-i- /+ n /+ +
HP31 /+ /+ /-i- n /+ +
HP32 +1 +1 +/+ +1+ n +/+ n
HP33 +/ +/ n/+ +/+ + n/+ n
HP34 +/+ +/n +/+ +/n + n/+ n
HP35 +/+ +/n +/+ +/n n n/+ n
HP38 +/+ +/n +/+ +/+ + n/+ n
HP39 +/+ +/n +/ +/n + n/+ n
HP4O +/+ +/n +/+ +/+ n n/+ n
HP41 +1 n/ n/+ n/ + n/+
HP43 +/+ +/+ n/+ n/+ + n/+ n
HP44 +/n +/+ +1+ +/+ + +/ n
HP45 +/n +1+ +/+ +/n + +/+ +
HP46 +/+ +/+ +/+ +/+ + +/+ +
HP47 +/+ +1 +/+ +/+ + +/+ +
HP48 +/+ +/ n/+ n/+ + n/+ +

EtIi Au�
GIuR2

. *

S
*

E1�i AUIQ
KA2

iological recordings of hippocampal CAl neurons have dem-
onstrated that these cells exhibit complex responses to gluta-

mate stimulation. The present study, by combining expression

profiles and PCR amplification with aRNA obtained from

single live CAl cells, shows that multiple glutamate receptor

subunit mRNAs are simultaneously present in CAl neurons.
Receptor subunit mRNAs for GluR-2, GluR-4, GluR-5, and
G1uR-6 were present in >90% of single CAl neurons (Table 2).
Thus, the proteins encoded by these mRNAs may interact to

form multimeric receptors with different functional properties

(e.g., Refs. 12, 13, and 16). A critical determinant of the gluta-

mate responsiveness of each single cell may be the types of
multimeric receptors formed by interaction of the translated

proteins encoded by the several co-localized subunit mRNAs.

Putative AMPA glutamate receptor subunit mRNAs.
AMPA binds with high affinity to receptor complexes formed

from GluR-1-4 proteins, and hence GluR-1-4 have been pro-

posed to be AMPA receptors (19). The results presented in
Table 1 show that all four of these subunit mRNAs are present
in the examined cells. The relative levels vary from cell to cell,

Fig. 3. Specificity of the PCR products. PCR products
from single reactions were separated by agarose gel
electrophoresis, followed by visualization of amplified
DNAs by ethidium bromide staining (EtBr). Arrows,
PCR products of predicted size that hybridized to the
probe; *, additional PCR products that hybridized to
the probes (Auto). DNA from 4X 174 digested with
Haelll is included as a size marker next to GluR-2.
The blots were washed at a high stringency, air-dried,
and apposed to XAR film at -70#{176}for 1 2 hr, with an
intensifying screen. For GluR-4 results from two cells
are shown, for GluR-2 results from five cells, for

�._t.�_r Au.LQ NMDAR1 results from three cells, and for KA2 results
NMDAR 1 from three cells.

with the rank order being constant. This suggests that the

invariant rank order of mRNA expression may be important
to the glutamate responsiveness of the cells. Although the

linearity of the in vitro amplification of individual GluR-1-6

cRNAs demonstrated small variations, the rank order of rela-

tive values for GluR-1-6 RNAs in single hippocampal neurons

did not significantly change after correction (Table 1). Inter-
estingly, the cRNA for GluR-1 did not show the same efficiency
oftranscription when taken through the aRNA procedure. This
may be due to sequence-specific secondary structure limiting

the cDNA or aRNA synthesis. This highlights the need to

determine the efficiency of aRNA production when measuring

basal levels of mRNA abundance. Unpublished results with

dispersed hippocampal pyramidal cells2 show that the relative

abundances of the glutamate receptor subunits differ from the

present results with slice preparations. This indicates that the

relative abundances are biologically determined, as opposed to

resulting from technical constraints.
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Specifically, GluR-2 is the most abundant glutamate receptor

mRNA present in CAl neurons, of the receptors included in

the expression profiles (Table 1), and was detected in all of the

cells examined (Table 2). However, a PCR product was detected

only using the most 3 ‘ pair of oligonucleotides chosen for study

(Fig. 2; primers 2-6 and 2-9). Several other combinations of

primers were used (Fig. 2) but did not amplify this receptor

subunit to ethidium bromide-detectable levels in any of the

cells examined. This indicates that the majority of the aRNA

representing GluR-2 is relatively short, compared with the total

aRNA population. Because aRNA is directly transcribed from

the cDNA, this result suggests that the initial cDNA corre-
sponding to cellular G1uR-2 mRNA is also relatively short. The

length of the cDNA transcribed from the cellular mRNA is

dependent upon the ability of the reverse transcriptase to copy

the mRNA. If a strong secondary structure or a blocker of
reverse transcriptase movement along the mRNA (e.g., ribo-

some assemblies) is present, it may interfere with longer cDNA

synthesis.

The presence of GluR-1-4 in individual Purkinje cells has

recently been described in culture (31). The authors used a

modification of our sampling technique, relying solely upon

PCR, in an attempt to quantitate the abundance of the recep-

tors. PCR quantitation requires the inclusion of internal stand-

ards, which may be amplifed at a different rate from the

unknowns, thus making quantitative measurements problem-

atic. The difficulty of quantitating PCR and the inability to
state that a particular mRNA is absent solely because it cannot

be PCR-amplified using a specific set of conditions suggest that
the authors examined only a fraction of the actual mRNAs

present within the Purkinje cells.
Putative kainate glutamate receptor subunit mRNAs.

In contrast to the G1uR-1-4 subunits, to which AMPA binds

with high affinity, kainate binds with high affinity to receptors

containing the G1uR-5 and -6 subunits (11, 14). cDNA clones
encoding other proteins that exhibit kainate binding have re-
cently been isolated. One ofthese is KA2, the cDNA (16) which

encodes a protein with a primary structure more similar to that

of G1uR-5 and GluR-6 than to those of other glutamate receptor

cDNAs. Interestingly, coexpression of KA2 mRNA with GluR-

5 or GluR-6 results in receptors with different pharmacological

profiles (16). The KA2 receptor subunit was detected by PCR
amplification in 66% of the CAl neurons (Table 2). The use of

degenerate primers from the predicted amino acid sequence of

the KA2 receptor subunit revealed multiple bands after PCR

(Figs. 1 and 2), which hybridized to an internally directed
oligonucleotide probe (Fig. 3).

For a majority of individual CAl cells examined in the

present study, mRNA encoding G1uR-5 was more abundant
that mRNA encoding G1uR-6. There were, however, a few cells

in which G1uR-6 mRNA was more abundant than GluR-5
mRNA. These data highlight the potential predictive value of
knowledge of relative mRNA abundances. For example, if there

is more functional GluR-5 subunit than G1uR-6 subunit mRNA

present in a cell that also contains KA2 subunit mRNA, then

that cell may have a different kainate responsiveness than

another cell with more G1uR-6 than GluR-5 subunit mRNA. It

is also possible that the presence or absence of KA2 mRNA

may dictate the functional characteristics of kainate binding of

CAl pyramidal cells, by interactions with GluR-5 and/or G1uR-

6 protein. These predictions, based upon calculations of relative
mRNA abundances, have yet to be tested.

GluR-5 mRNA was detected in all of the pyramidal cells that
were examined (Table 2). A novel method to produce receptor

heterogeneity, called RNA editing, has been postulated to occur

for G1uR-2, -5, and -6. A single nucleotide change resulting
from RNA editing is suggested to selectively alter Ca2� con-

ductance through GluR-5 protein by switching a glutamine

codon to an arginine codon in a putative transmembrane seg-
ment (21). After cloning of the 585-bp product into the PT7-

Blue cloning vector (Novagen), DNA sequencing across the
second transmembrane region of 18 independent clones from
six different cells (seven isolates from a single cell, with four,
four, one, one, and one isolates coming from other cells) re-
vealed the presence of only a glutamine codon in the area
proposed to undergo RNA editing. This result differs from a

previous study in which the abundance of glutamine/arginine-

containing G1uR-5 was shown to be nearly 60/40 (21). A poten-

tial explanation for this difference is that the previous evidence

resulted from PCR amplification of mRNA isolated from a

population of heterogeneous cells rather than a single cell type

as used in the present study. The results from single CAl
neurons suggest that the presumed RNA editing of G1uR-5

occurs in a cell-specific manner. Sequencing of additional
GluR-5 PCR products as well as GluR-2 and GluR-6, which
would be expected to be edited in a manner similar to that of

GluR-5 in cells where they coexist and where editing can be

shown to occur, from several additional cell types will help to

address this question. It also remains a formal possibility,

although unlikely, that the genomic sequence at this nucleotide

position differs in a cell-specific manner.

The possibility that the G1uR-5 PCR product is an artifact
due to amplification of genomic DNA can be discounted because

the PCR primers that were made for GluR-5 were designed to

span an exon-intron splice site. Because the size and sequence

of the PCR product correspond to those predicted for the

mature mRNA, it is clear that genomic DNA was not artifac-
tually amplified in this procedure (30).

NMDA receptor subunit mRNAs. NMDAR1 mRNA de-
tection via expression profiling was difficult because of its low

abundance, relative to other glutamate receptor mRNAs, in
CAl neurons. However, PCR products for NMDAR1 obtained
using aRNA derived from the same neurons were observed

(Figs. 1 and 3). The results from both techniques indicate that

the NMDAR1 subunit mRNA was present in 20 of 21 cells

examined. Several PCR products were evident in the ethidium
bromide-stained gel, although only three of these bands hybrid-

ized (one at the predicted size of 307 bp and two at 700 and
900 bp) to the full length NMDAR1 cDNA clone (Fig. 3). The
hybridization results indicate that these three bands correspond
to cDNAs of high sequence similarity with NMDAR1. The two

additional hybridizing bands, shown in Fig. 3, result likely from

alternatively spliced mRNAs or possibly from expression of

other novel members of the NMDAR1 gene family. The exist-

ence of multiple PCR products for NMDAR1 again emphasizes
the large number of functionally diverse, hetero-oligomeric
receptors that may form in individual hippocampal neurons.

The CAl neurons used in these studies exhibit synaptic

potentiation (24), a use-dependent phenomenon that requires
activation of the NMDA receptor. The presence of relatively
low levels of NMDAR1 mRNA in CAl cells indicates that the
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amount of NMDAR1 protein necessary for potentiation does

not require relatively high levels of NMDAR1 mRNA. These
data highlight the caution that is necessary in making one to

one correlations between mRNA and functional protein levels.

The functional significance of multiple mRNA forms of the
NMDAR1 subunit (as well as GluR-6 and KA2) is unclear.
These novel forms may contribute to the functional heteroge-

neity of these receptors by altering the translational efficiency

of mRNAs or by encoding proteins with different primary

sequences, yielding different glutamate responsiveness. This
question will be answered when full length cDNA clones for
these multiple forms have been characterized and their electro-
physiological responsiveness determined. Furthermore, mRNA

encoding another type of NMDA receptor protein, NMDAR2,

is also present in these cells (Fig. 1). The NMDAR2 PCR

product is detected as a single band of the predicted size, 432

bp. The oligonucleotide primers for the NMDAR2 PCR were
designed to amplify the same size band for two of the subtypes

of NMDAR2 (subtypes A and B); hence, this band may repre-

sent either of these NMDAR2 forms (18).
Importantly, the results discussed above demonstrate the

simultaneous presence of several types of AMPA, kainate, and
NMDA receptor subunit mRNAs in single cells. It should be
emphasized that mRNA levels have been examined in this

paper, not functional protein levels. There are several steps
separating mRNA from functional protein, including transla-

tional control and post-translational processing events. It is
difficult to distinguish, at the protein level, between (for ex-

ample) the functional contributions of GluR-3 and G1uR-4 in
heteromeric receptors in the slice preparation by using electro-

physiological or pharmacological measures. Nonetheless, if rel-
ative mRNA abundances are translated into functional protein

in the same relative proportions, then these results suggest that

the complex electrophysiological responsiveness of hippocam-

pal CAl neurons to the release of glutamate by presynaptic

terminals (19) may be due in part to different amounts of
receptor subunit proteins.

The use of two techniques (aRNA amplification and PCR
amplification) helps to ensure that mRNA encoding specific
receptor subunits in single cells, when present, will be detected.

In the majority of the cells having identified receptor subunit
mRNAs present, the results from aRNA and PCR amplification
were identical (Table 2). In some examples (e.g., results for

NMDAR1), only PCR amplification was able to consistently

detect the presence of the mRNAs. One explanation for this

type of discordant result would be the low abundance of recep-
tor subunit mRNAs in the population of mRNAs that were
amplified from the single cell. In other examples, expression
profiles revealed the presence of subunit mRNAs, whereas the
PCR amplifications could not identify these mRNAs. This type

of result (e.g., six of 11 cells tested with both expression profiles
and PCR amplification for GluR-4) (Table 2) highlights the
potential inconsistency of PCR as a quantitative technique

when the material being aplified may not be full-length cDNA.
This also emphasizes the fact that a negative result using PCR

amplification alone does not necessarily indicate the absence

of those mRNAs.
Neurotransmitter receptors assembled in vitro from different

subunits demonstrate a wide array of responsiveness. The

existence of multiple subunit mRNAs within individual neu-
rons suggests that this same wide array of responsiveness exists

in vivo. In particular, if the relative abundances of the different

subunit proteins parallel those of the corresponding mRNAs,

then knowledge of relative mRNA abundances would suggest

potential stoichiometries for the assembled functional recep-
tors. Such predictions are testable in vivo and in vitro.
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