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Summary 

Several subunits of the glutamate receptor of the AMPA 
subtype have been cloned recently. These subunits, 
named GIuRl, GIuR2, CluR3, and CIuR4, exist as two 
splicing variants (flip and flop). We  have determined the 
subset of AMPA receptor subunits expressed by single 
cerebellar Purkinje cells in culture. This was achieved 
by combining whole-cell patch-clamp recordings and a 
molecular analysis, based on the polymerase chain reac- 
tion, of the messenger RNAs harvested into the patch 
pipette at the end of each recording. We  found that each 
single cell expresses the messenger RNAs encoding the 
following five subunits: the flip and flop versions of 
GluRl and CluR2 as well as GluR3flip, CluR2 being the 
most abundant. In addition, GluR3flop and GluR4flip 
were scarcely expressed in half of these neurons, and 
GluR4flop was never detected. 

Introduction 

Molecular cloning and expression studies have dem- 
onstrated that the subtype diversity of neurotrans- 
mitter receptors is much larger than expected from 
pharmacological studies. In particular, for neuro- 
transmitter-gated channels, the number of subunits 
already cloned is always larger than the number of 
subunits required to construct functional receptors 
in expression systems. A crucial question is therefore 
to determine the actual subunit composit ion of native 
receptor-channels expressed by a given neuron un- 
der functional investigation. 

The regional distribution in thecentral nervous sys- 
tem of receptor-channel subunits can be mapped by 
in situ hybridization. However, this technique does 
not allow one to determine the subunit composit ion 
of the receptor-channels at the single-cell level, since 
it is impossible to hybridize 1 given cell with several 
probes. In addition, in situ hybridization does not pro- 
vide the molecular analysis with functional correlates. 

Recently, several subunits of a glutamate receptor- 
‘channel have been cloned. These subunits, named 
~GluRI, 2,3, and 4 (GIuRl-4), exist in two versions (flip 

and flop) generated by alternative splicing. Functional 
expression of homomeric or heteromeric combina- 
tions of these subunits generates receptors respon- 
sive to glutamate, quisqualate (QA), kainate (KA), 
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropio- 
nate (AMPA) and on which quinoxalinediones act as 
competitive antagonists (Hollmann et al., 1989; Boul- 
ter et al., 1990; Dawson et al., ‘1990; Keininen et al., 
1990; Lambolez et al., 1991; Nakanishi et al., 1990; Saki- 
mura et al., 1990; Sommer et al., 1990). This pharma- 
cological profile is characteristic of the glutamate 
receptor of the AMPA subtype as opposed to the 
N-methyl-o-aspartate and high affinity KA subtypes 
(Barnard and Henley, 1990; Huettner, 1990; Miller, 
1991; Patneau and Mayer, 1991). 

A biochemical analysis of the AMPA receptor-chan- 
nel purified from rat brain has shown that this recep- 
tor is a pentameric structure composed of combi- 
nations of the GIuRl-4 subunits; the presence of 
additional subunits is very unlikely (Wenthold et al., 
1992). However, the subunit composit ion of native 
AMPA receptors involved in single-neuron responses 
is still unknown. 

To address this issue, we have combined whole-cell 
patch-clamp recordings (Hamill et al., 1981) and the 
amplification, by means of the polymerase chain reac- 
tion (PCR), of the mRNAs harvested from the single 
neuron under investigation. This method was applied 
here to determine, after electrophysiological investi- 
gation, the AMPA receptor subunits expressed by in- 
dividual Purkinjecells in both cerebellar and olivocer- 
ebellar slice cultures. Purkinje cells were chosen 
because they can be easily identified in this prepara- 
tion, and the pharmacology of their responses to ex- 
citatory amino acids is well characterized (Audinat et 
al., 1990; Crkpel et al., 1982; Kniipfel et al., 1990; Perkel 
et al., 1990; Farrant and Cull-Candy, 1991; Llano et al., 
1991). 

Results 

Electrophysiological Properties of the AMPA 
Receptors of Purkinje Cells 
Cerebellar cells, grown in organotypic slice cultures, 
were recorded in the whole-cell configuration of the 
patch-clamp technique and subsequently used to de- 
termine, for each of them, the content of mRNA en- 
coding the GluRl-4 subunits of the AMPA receptor 
(see Figure 1). 

Purkinje cells were identified according to their lo- 
calization in the slice culture and their morphology 
as seen in phase-contrast microscopy (Audinat et al., 
1990). In cerebellar monocuItures,when Purkinjecells 
were voltage clamped at a holding potential of -60 
mV, 50 PM QA induced an initial peak current, which 
rapidly decreased to a steady-state desensitized level 
(Figure2A, lower row; seealso Geoffroyet al., 1991). In 
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Figure 1. Molecular Analysis of the AMPA 
Receptor of a  Single Cell 

First PCRamplif icatmn: in theGluKl-4cod- 
Ing sequences, the four putative trans- 
membrane domains are represented as 
closed boxes, and  the flip/flop region as 
a  hatched box (not to scale). The arrow\ 
indicate the positions of the primers and  
their extension by Taq polymerase. All nu- 
cleotide sequences are written tram i’(left) 
to 3’ (right). The up  (upstream or sense, 
26.mer) primer positions were 1600 on  
CIuRl, 1621 on  GIuR2,1630 011 CIuR3, and  
1623 on  GluR4 (position 1  is the tlrst base 
of the inittation codon). The up  primer tully 
matched with GIuRl, but had  one mis- 
match with GluR2 and CIuR4 and two mis- 
matches with CIuR3. The posit ion5 and the 
natures of these nuclcotide suhstitutlons 
are shown. The to (downstream or anti- 
sense, 22.mer) primer position wan 2327 on  
CIuRl, 2348 on  GIuR2,2363 on  GluR3, and  
2351 on  GIuR4. Theonly mismate h  with the 
GIuRl-4 tDNAs was with GluRlflip. The 
position and  nature of this mismatch are 
Indicated. Second PCR amplification--rr- 
\triction analysis: the positions ot the re- 
striction sites on  the amplif ied fragments 
are indicated by vertical dashes. The lengths 
of the fragments generated by the rc-stnc- 
tion enzymes were 300 bp  and 449 bp  tor 
GluRl cut by Bgll, 478  bp  and 271 bp  for 
GIuR2 cut by Bsp12861.  359  bp  and 396 bp  
for GIuR3 cut by Eco47111,  41  I bp  and 338 
bp  for CIuR4 cut by tc-oRI, ac calculated 
from the positions of the restriction sites. 
Second PCR amplification-fllpiflop analy- 
sis: the specific primers used for the sele(. 
tlve amplification of either the illp or the 
tlop form of each subunit were internal I(J 
the fragments amplif ied by the up  and lo 
primers.Theirpositionson their recprc tivr 
cDNA sequences were for Rlflop, 2307; RI. 
1717; Rlflip, 2301; RZflop, 2294; RZflip. 2294; 
R3flop, 2311; R3flip. 2.310; R4, 1747; R4flop, 
2292; and  RJflip, 2292. 

contrast, such adesensitization was never observed in 
response to 1 m M  KA (Figure 2A). The steady-state 
inward currents induced in Purkinje ceils at -60 mV 
by 50 W M  QA and by 1 m M  KA ranged from 1.3 to 6 
nA and from 1.7 to 7 nA, respectively. The QA and KA 
responses were abolished by 6-cyano-7-nitroquin- 
oxaline-2,3-dione (CNQX), an antagonist of the AMPA 
receptors (data not shown). The current-voltage rela- 
tionships obtained by plotting the amplitude of the 
responses to 1 m M  KA induced at different holding 
potentials were roughly linear, with a reversal poten- 
tial of 4.7 +_ 3 mV (mean k SD, n = IO), and never 
displayed any inward rectification at positive holding 
potentials (Figure 2A, upper row). Similar responses 
to exogenous agonists of the AMPA receptor were 
also observed in Purkinje cells from olivocerebellar 

cocultures. In this latter case the innervation of Pur- 
kinje cells by olivary climbing fibers was confirmed 
by the occurrence of a complex spike activity during 
recordings in current-clamp mode and in the absence 
of tetrodotoxin (TTX) (see Figure 2A, middle row; 
Kniipfel et al., 1990). The frequency of these complex 
spikes increased in response to a local application of 
KA onto the olivar explant. 

To control the specificity and the absence of con- 
tamination of the subsequent molecular analysis (see 
below) of the Purkinje cells’ mRNAs, we have also 
recorded from other cerebellar cell types and ana- 
lyzed their mRNAs encoding the AMPA receptor sub- 
units. QA- and KA-induced responses were recorded 
from neurons characterized by a small spherical 
shaped soma and that looked similar to cerebellar 
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Figure 2. Characterization of the AMPA Receptor of Single Purkinje Cells 

(A) Electrophysiological properties. Upper row: left, whole-ceil currents induced in a Purkinje cell (cell 5) by the application of KA (1 
mM) at various holding potentials t-60, -4O,O, +40, and 60 mV) and, right, the corresponding plot of the KA-evoked current as a function 
of the holding potential. Middle row: in an olivocerebellar coculture, complex spikes evoked in a Purkinje cell (cell 13) by a short 
duration application of KA (IO uM) onto the olivary explant (recording obtained in the current-clamp mode and without TTX in external 
solutions). Lower row: in the same neuron, inward currents induced by QA (50 PM) and KA (1 mM) in the presence of TTX. 
(B-C) Subunit composition of the AMPA receptor of 4 different Purkinje cells. In all panels (a-e), right to left lanes correspond to 
Purkrnje cells 5, 7, 13, and 14, respectively. (The electrophysiological recordings from cells 5 and 13 are shown in [A]). (6) Agarose gel 
electrophoresis of the cDNA fragments obtained after the second round of PCR and cut with Bgll (panel b), Bsp12861 (panel c), and 
Ec047111 (panel d) restriction enzymes specific for GluRl, 2, and 3 fragments, respectively. In each of the lanes in panels b, c, and d 
the 750 bp band corresponds to the CIuRl-4 fragments resistant to the enzymatic digestion. The two smaller bands correspond to the 
fragments of the subunit cut by its specific enzyme. Panel e shows the simultaneous digestion of the fragments by the three enzymes 
and panel a the electrophoresis of cDNA fragments obtained after the first PCR (no enzymatic digestion). The bands present in the 
external lanes and between panels c and d are 0X174 Haelll molecular weight markers. The positions of the 872,603, and 310 bp bands 
are indicated on the right of the gel. (C) Southern blot of the agarose gel shown in (B) labeled with the GIuRl- (upper row), CIuRZ- 
(middle row), and GIuR3- (lower row) specific probes. 

granule cells. In these neurons the current-voltage 

relationships of the responses to 1 mM KA were also 
]inear (data not shown). Finally, 14 glial ceils, charac- 
terized by a flattened morphology and their inability 

to produce fast action potentials, did not respond to 
either KA or QA. The morphology of these glial cells, 
their lack of sensitivity to QA and KA, together with 
the fact that they expressed glial fibrillary acidic pro- 
tein (GFAP) mRNA (see below) indicate that these cells 
were most probably type 1 astrocytes (Wyllie et al., 
l991). 

Amplification of the mRNAs Encoding the Four 
Subunits of the AMPA Receptor 
After completion of the electrophysiological and 
pharmacological characterization of the excitatory 
amino acid responses (recording durations ranged 
from 5-30 min), a negative pressurewas applied to the 
patch pipette. The flow of the cell’s contents into the 
tipof the recording electrode was clearly visible under 
the microscope. The pipette’s contents were then 
used for reverse transcription and PCR amplification 
of the mRNAs encoding the AMPA receptor of each 



Table 1. Subunit Composition of the AMPA Receptors of Purkinje and Granule Cells 
~__- 

DNA 
Cell (ng) GluRl Flop Flip GluR2 Flop Flip GIuR3 Flop Flip GIuR4 Flop CIIP 

1 20 + P d ++ P P + ud P - ud ud 
2 20 + ud P ++ 

dp 
ud + d P - ud d 

3 40 + P + P + ud P ud d 
4 80 + P dp ++ P P + ud P ud d 
5 80 + P d ++ P P + d P - ud ud 
6 100 + P 
7 80 + P dp 

++ P P + d P ud ud 
++ P P + d P - ud d 

8 100 + P P ++ P P + ud P ud ud 

9 10 + P P ++ P P + d P ud d 
10 100 + P P ++ P P + ud P ud ud 
11 80 + P P ++ P P + ud P - ud ud 
12 50 + P ++ P P - ud ud ud d 
13 25 + P dp ++ P P + ud P ud d 
14 50 + P d ++ P P + d P ud d 
15 100 + P P ++ P P + ud P Ud ud 

CC 10 - ud ud ++ d P - ud ud + P d 

Cells l-8 and cells 9-15 correspond to Purkinje cells in cerebellar monocultures and in olivocerebellar cocultures, respectively. The 
plus and minus symbols correspond to the proportion of each of the GluRl-4 amplified fragments, as estimated from the results of 
the restriction analysis. Abbreviations: p, present; d, detectable; ud, undetected (see text); and CC, granule cell. The nanograms of DNA 
indicatedforeachcellcorresoond totheamountofGluRl-4cDNAamplified bythefirst PCR,asestimatedfromagarosegelelectrophore- 
sis of a 10 PI aliquot. 

cell. The PCR amplification was performed with the 
up and lo oligonucleotides, the primer pair designed 
for the PCR amplification of all of the GluRl-4cDNAs 
(see Experimental Procedures and Figure 1). A detailed 
analysis of the amplified GIuRl-4 cDNAs was per- 
formed on 15 Purkinje cells and 1 granule cell. For 
each of these neurons, a single DNA band was de- 
tected when the product of the first PCR amplification 
was analyzed on agarose gel electrophoresis using 
ethidium bromide fluorescence. The amount of DNA 
present in the band was estimated from comparison 
with the intensities of bands of the molecular weight 
marker. The success of the experiment did not seem 
to depend on the duration of the electrophysiological 
recording, but ratheron the amount of cytoplasm har- 
vested. Indeed, from 3 cells recorded during more 
than 20 min we obtained 80 ng of DNA, which is in the 
upper range of what we obtained with the present 
method (from IO-100 ng, see Table 1). The molecular 
weight of the DNA band corresponded to that pre- 
dicted for the PCR amplification of the CIuRl-4 
cDNAs using the up and lo primers (750 bp; see Figure 
2B, panel a). In accordance, the same PCR reaction 
performed as a positive control on cDNA synthesized 
from poly(A)’ RNA prepared from rat cerebellum gave 
an amplification product of the same size (Figure 3A). 
The presence or absence of the nucleus in the harvest 
did not affect the yield of the procedure, and the am- 
plification of nuclear DNA was excluded, since, due 
to the presence of three introns in the CIuRl-4 genes 
between the two primer positions (Sommer et al., 
1990), the size of the gene amplification product 
would have been larger than the size of the cDNA 
amplification product. 

AMPA Receptor Subunits Expressed by Single Cells 
Different species of the mRNAs encoding the AMPA 
receptor could be present in 1 cell and therefore am- 
plified during the first PCR. We thus determined 
which of the GluRl-4 fragments were present within 
the single DNA band obtained from the first amplifica- 
tion. Forthispurpose,asecond roundofamplification 
was performed, using the up and lo primers and 1 pg 
of DNA (5 x  IO5 molecules of 750 bp) from the first 
PCR. The resulting DNA fragment was then cut with 
either Bgll, Bsp12861, Ec047111, or EcoRI, restriction 
enzymes specific for GIuRl, 2, 3, and 4 amplified frag- 
ments, respectively (Experimental Procedures; Figure 
1). As shown in Figure 2 and Figure 3, the digestion 
product of each enzyme, when analyzed by agarose 
gel electrophoresis, consisted of two bands that had 
the size predicted for the restriction digest of either 
the GIuRl, 2, 3, or 4 amplified fragment (Figure 1 leg- 
end). In each lane, the 750 bp band corresponded to 
the amplified fragments left uncut by the restriction 
digest. The relative amounts of the digestion products 
were estimated by their ethidium bromide fluores- 
tence intensities. 

This analysis was performed on 15 Purkinje cells. 
Examples are given in Figure 2 for cells 5 and 7 from 
cerebellar monocultures and for cells 13 and 14 inner- 
vated by climbing fibers. Figure 2A shows the electro- 
physiological recordings on cells 5 (upper row) and 13 
(middle and lower row). In Figure 28, panel a shows 
the band obtained after the first amplification for the 
4 different cells. Panels b, c, and d in Figure 2B show 
the Bgll (cutting GluRl fragment), Bsp12861 (CluR2), 
and Eco47lll (CluR3) digests, respectively. CluRl. 2. 
and 3 were present in the 4 cells. The EcoRl cut (spe- 
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Figure 3. Identification of the GIuRl-4 Fragments Amplif ied 
from Cerebellar Poly(A)+ RNA and from a  Single Cerebellar Gran- 
ule Cell 
(A)Agarosegel electrophoresisoftheamplif ied cDNAfragments 
obtained from poly(A)’ RNA and cut with Bgll ( lane I), Bsp12861 
(lane 2). Ec047111 (lane 3), and  EcoRl (lane 4) restriction enzymes 
specific for CIuRl, 2, 3, and  4  fragments, respectively. Lane 5  
corresponds to the simultaneous digestion with the four en- 
zymes. The positions of the 872,603, and  310 bp  bands of molecu- 
lar weight markers are indicated on  the left of the gel. (B) South- 
ern blot of the agarose gel shown in (A) labeled with the specific 
probes for the cDNA of CIuRl, 2, 3, and  4  from top to bottom 
rows, respectively. (C) Agarose gel electrophoresis of the ampli- 
fied cDNA fragments obtained from a  granule cell and  cut with 
Bgll ( lane I), Bsp12861 (lane 2), Eco47ll l ( lane 3), and  EcoRl (lane 
4) restriction enzymes specific for CIuRl, 2, 3, and  4  fragments, 
respectively. Molecular weight marker is between lanes 2  and  3. 
(D) Same cell as in (C); agarose gel electrophoresis of the cDNA 
obtained after PCR amplification using the specific primers for 
CluR2flop (lane a), GluRZflip (lane b), CluR4flop (lane c), and  
GluR4flip (lane d). Note the very faint band obtained in lane a  
(same size as band in lane b) and  in lane d  (same size as in lane 
c). The position of the 603 bp  band of the molecular weight 
marker is indicated on  the right of the gel. 

cific for GIuR4 fragment) did not generate any visible 
band (data not shown). The simultaneous digest by 
the three GluRl-, GIuR2-, and GluR3-specific enzymes 
(Figure 2B, panel e) shows the superimposition of the 
restriction patterns obtained for the GiuRl, 2, and 3 
fragments. In this case, comparison between band 

intensities shows that the GIuR2 fragment was more 
abundant than GluRl or GIuR3 for all cells, although 
this was less prominent for cell 13. The GIuRlIGIuR2 
proportion was about the same for cells 5,13, and 14, 
but much smaller for cell 7 because of the low amount 
of the GluRl fragment in this cell (see Figure 2B, panel 
b). Little variation of the GluR3IGIuR2 proportion was 
observed between the 4 cells. 

The Southern blot analysis (Figure 2C) of the same 
agarose gel confirmed the identity of the restriction 
fragments obtained. The GluRl probe heavily labeled 
the GluRl bands generated by the Bgll digest seen in 
Figure 2B, panels b and e. Similarly, the GluR2 and 
GIuR3 probes strongly labeled their corresponding 
restriction fragments. The nonspecific labeling of other 
subunits’ restriction fragments by a given probe was 
a consequence of the high degree of analogy shared 
by the four subunits in the amplified region (Boulter 
et al., 1990; Keinanen et al., 1990; Nakanishi et al., 
1990). The rest of the 750 bp band left uncut by the 
digest by all three enzymes was labeled by the three 
probes, indicating that it is composed of uncut GluRl, 
2, and 3. The GIuR4 probe (data not shown) did not 
specifically label any of the bands present. In particu- 
lar, the 750 bp band uncut by the three enzymes (Fig- 
ure 2B, panel e) was not labeled by the GluR4 probe. 
Essentially similar resultswereobtained from the anal- 
ysis of 6 additional Purkinje cells in cerebellar mono- 
cultures and 5 additional Purkinje cells innervated by 
climbing fibers in olivocerebellar cocultures (Table 1). 
GIuR2 was present in all the cells and was consistently 
more abundant than GluRl or GIuR3, except for cell 
3, where its abundance was near to that of GluRl or 
GluR3. The GluRl and GluR3 fragments were also 
present in each tested cell, with the exception of cell 
12, in which GIuR3 was not detected. The occasional 
low abundance or absence of a given fragment did 
not correlate with a low yield in the first round of 
amplification (see for instance cells 3 and 12, which 
gave 40 ng and 50 ng of DNA, respectively). The GIuR4 
fragment was never observed for any Purkinje cell. 

For the cerebellar granule cell, the restriction frag- 
ment analysis shown in Figure 3C revealed the pres- 
ence of the GIuR2 and GIuR4 fragments in the amplifi- 
cation product, with no detectable GluRl or GIuR3. 
GIuR2 was more abundant than GluR4 in this cell. 

The restriction digests performed on the amplifica- 
tion product of poly(A)’ RNA from rat cerebellum (Fig- 
ure 3A) show the presence of GluRl (lane I), GluR2 
(lane 2), GIuR3 (lane 3), and GIuR4 (lane 4) bands. 
GluRl and GIuR4 fragments were the most abundant, 
GIuR2 was less abundant, and the amount of GluR3 
was very low as compared with the others (the GIuR3 
bands are very faint, but see the Southern blot). The 
simultaneous digestion by the four enzymes (Figure 
3A, lane 5) gave a pattern corresponding to the digest 
of the four GIuRl-4 amplified fragments and left 
almost nothing of the original 750 bp band. The 
Southern blot analysis of the same agarose gel was 
performed using either GIuRl-, GluR2-, GluR3-, or 
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Figure 4. Flip/Flop Analysis of the GIuRl, 
2, and 3 Fragments Amplified from Single 
Purkinje Cells 

(A) Agarose gel electrophoresis of the cDNA 
amplified from 4 different Purkinje cells us- 
ing the specific primers for GluR2flop (panel 
a), GluRZflip (panel b), GluRlflop (panel c), 
GluRlflip (panel d), GluR3flop (panel e), and 
CluR3flip (panel 0. In all panels, the right to 
left lanes correspond to the cells 5,7,13, and 
14, respectively (same cells as in Figure 2). 
All fragments were obtained using 1 pg of 
template DNA, except GluR3flop, obtained 
using 500 pg of DNA. Molecular weight 
marker is in external lanes and between 
panels c and d. The position of the 603 bp 
band is indicated on the left of the gel. (6) 
Southern blot of the agarose gel shown in 
(A) labeled with the GIuRZ (upper row), 
GIuRl- (middle row), and GIuR3- (lower 
row) specific probes. 

GluRCspecific probes (Figure 3B). It shows that the 
bands generated by the restriction digest specific for 
each subunit are labeled by their corresponding 
probe. The 750 bp fragment left uncut in Figure 3B, 
lane 5 seems to be composed of mainly GIuRl, since 
it is most intensely labeled by this probe. 

Flip and Flop Forms of the AMPA Receptor Subunits 
Another second round of amplification was per- 
formed to determine, in each cell, which of the flip 
and flop forms of the CluRl-4 mRNAs were present. 
For this purpose, we used the product of the first PCR 
of each individual cell as a template and primer pairs 
specific for either the flip or flop version of each 
GIuR1,2,3,or4subunit(seeExperimental Procedures; 
Figure 1). We routinely used 1 pg of DNA (5 x  IO’ 
molecules 750 bp long) from the first PCR. In this case, 
when an amplification product was seen upon agar- 
ose gel electrophoresis, the corresponding subunit of 
the flip or flop form is noted as p (present) in Table 
1. When, under these conditions, no amplification 
product was observed, the amount of template DNA 
was increased to 500 pg. Under the latter conditions, 
when an amplification product was detected, the cor- 
responding subunit is noted in Table 1 as d (detect- 
able) and otherwise is noted as ud (undetected). Fig- 
ure 4A shows the agarose gel electrophoresis of the 
PCR fragments GluR2flop (panel a) and flip (b), GIuRl- 
flop (c) and flip (d), and Glu’R3flop (e) and flip (f) for 
Purkinje cells 5,7,13, and 14. All these PCR fragments 
were obtained using 1 pg of template DNA, except 
GluR3flop (Figure 4A, panel e), which could not be 
detected for cell 13 and was only detected when using 

500 pg of template for cells 5, 7, and 14. The subse- 
quent Southern blot was hybridized with the GluR’l, 
2, or 3 probe (Figure 46). The specific labeling by each 
probe of its corresponding flip and flop fragments 
confirms the selectivity of the amplification reactions. 
These data are summarized in Table 1, together with 
similar results obtained with the other Purkinje cells 
analyzed. GluRlflop was present in all the cells, ex- 
cept cell 2, in which it was undetected. GluRlflip was 
present in9cellsanddetectableinthe6others.GluR2- 
flop and flip were present in all the cells, except cell 
2, in which GluR2flip was undetected. GluR3flip was 
present in every cell, except cell 12, in which it was 
undetected in agreement with the restriction analysis 
(see above). GluR3flop, never obtained using 1 pg of 
template, was detectable in 6 cells and undetected in 
the 9 others. 

Despite the apparent absence of GluR4 in Purkinje 
cells, we tried to detect the presence of the flop or flip 
forms of this subunit using specific primers. Neither 
the flop nor the flip fragments of GIuR4 could be ob- 
tained using 1 pg of template. When the amount of 
template was increased to 500 pg, GluR4flop was 
never detected, and GluR4flip was detectable in cells 
2, 3, 4, 7, 9, 12, 13, and 14 (data not shown) but was 
undetected in the 7 others. 

In the granule cell, both the flip and flop forms of 
GluRl and GIuR3 were undetected, GluR2flip and 
GluR4flop were present, and GluR2flop and GluR4flip 
were detectable using 500 pg of template. Figure 3D 
shows the agarose gel electrophoresis of the frag- 
ments amplified using 50 pg of template. In these con- 
ditions, GluR2flip and GluR4flop appear as strong 
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Figure 5. Specificity of the PCR and Quan- 
tification 

GFAP (A) Absence of the GIuRl-4 mRNA in glial 
cells. Agarose gel electrophoresis of the 
amplification products for 3 Purkinje cells 
(lanes 1,3, and 5) and for 3 glial cells (lanes 
2,4, and 6) recorded sequentially. Note the 

654321 absence of DNA bands for the glial cells. (6) 
Agarose gel electrophoresis of the cDNA 
from 3 glial cells (lanes 1, 3, and 5) and 3 
Purkinje cells (lanes 2, 4, and 6) recorded 

C  
sequentially and amplified with the GFAP- 

AMPA receptor specific primers. Note that only the glial 
cells were GFAP positive. (C) Absence of 
contamination by plasmids containing 
GIuRI-4 cDNAs in the amplification prod- 

654321 ucts from single Purkinjecells. Agarosegel 
electrophoresis of the cDNAs from 6 Pur- 
kinje cells recorded sequentially and am- 
plified with either the CluRl-Cspecific 
primers (lanes 1,3, and 5) or with the prim- 
ers specific for the CIuRl-4 cDNAs cloned 
in the Bluescript plasmid (lanes 2,4, and 6). 

D  Note the absence of amplification product 
in lanes 2,4, and 6. (D) Competitiveness of 

R2/R3 the PCR. Twenty picograms of GIuRl, 2, 
and 3 in vitro transcripts were amplified 
using the up and lo primers after reverse 
transcription. The initial GIuR2ICIuR3 pro- 
portions were 9 (panel a), 3 (panel b), 1 
(panel c), l/3 (panel d), and l/9 (panel e). For 
each panel the right lane corresponds to 
the uncut fragments, the left lane to the 

R3 Bsp12861-Eco47lll double digest. Note in 
panels a and e that the restriction frag- 
ments of GIuR3 and GIuR2, respectively, 
arevery faint, Panel f: CIUR~IGIUR~ propor- 

tton of 1; right lane: uncut, left lane: Bgll-Eco47111 double digest. Each lane contains 5 VI of the PCR reaction. Qn the right of the figure 
are indicated the positions of the two CIuR3 restriction fragments, which are between either the GluRl or the GluR2 restriction 
fragments. 

For each gel, the molecular weight marker is in external lanes; the position of the 603 bp band is indicated by an arrow. 

bands, whereas GluR2flop is very faint, and GluR4flip 
is barely visible. These results are summarized in Ta- 
ble 1. 

Specificity of the PCR and Quantification 
Additional experiments were designed to control the 
absence of contamination during single-cell analysis. 

No GluRl-4 amplification product was obtained 
from single glial cells (n = 8) unresponsive to either 
KA or QA (see Figure 5A, lanes 2, 4, and 6), whereas 
each Purkinje cell recorded just before a tested glial 
cell was found positive (Figure 5A, lanes 1, 3, and 5). 
When a second round of amplification (see Experi- 
mental Procedures and Figure 1, but template was 10 
~1 of the first PCR reaction) was performed on glial 
cells (n = 3), it alsogave no amplification product (data 
not shown). 

In 6 additional glial cells, the presence of mRNAs 
encoding GFAP, an astrocyte-specific marker, was de- 
tected by means of the same harvesting and amplifica- 
tion method, but using different primers specific for 
CFAP (see Experimental Procedures). For these cells 

the amplification product analyzed on agarose gel 
electrophoresis consisted of a single DNA band (Fig- 
ure 5B, lanes 1,3, and 5). The CFAP-specific amplifica- 
tion was negative on single Purkinje cells recorded 
during the same experiment (Figure 5B, lanes 2,4, and 
6). The Southern blot analysis of the same agarose gel 
with a mouse GFAP-specif ic probe (see Experimental 
Procedures) confirmed the identity of the DNA frag- 
ments (data not shown). 

Figure 5C shows the results obtained in a single 
experiment with 6 Purkinje cells recorded sequen- 
tially according to the indicated number. Cells 1, 3, 
and 5 were positive using the up and lo primers. In 
cells 2, 4, and 6 a PCR protocol designed to amplify 
selectively the AMPA receptor cDNA clones grown in 
the laboratory (see Experimental Procedures) failed to 
detect any plasmid contamination. 

Altogether, these controls showed that the results 
of the present study are indeed single-cell specific. 

The extent to which the GIuRl-4 proportions were 
maintained throughout reverse transcription and PCR 
amplification was tested. In vitro transcripts of the 
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GIuRl, 2, or 3 clones (flop forms) were mixed in known 
proportions and submitted to reverse transcription 
and PCR amplification using the up and lo primers. 
Restriction analysis specific for the CluRl, 2, or 3 was 
then performed on the amplified fragments. Figure 
5D shows that the proportions of GIuRYGIuR2 ampli- 
fied fragments corresponded to the initial propor- 
tions of their transcripts (panels a-e). An initial GluRl/ 
GIuR3 ratio of 1 was also maintained throughout the 
procedure (Figure 5D, panel f). Similar results were 
obtained with GluRl-GluR2 combinations (data not 
shown). 

Discussion 

We have recorded whole-cell responses of cultured 
PurkinjecellsduringtheactivationofAMPAreceptors 
by exogenous agonists or by synaptically released 
transmitter. The AMPA receptor subunits expressed 
in each of these Purkinje cells were subsequently 
identified by a molecular analysis of the mRNAs har- 
vested from the recorded neurons. Our results show 
that each recorded Purkinje cell expressed at least 
five different AMPA receptor subunits, which were in 
most of the cases the flip and flop versions of GluRl 
and GluR2 together with GluR3flip. Which of these 
subunits assemble into functional receptors cannot 
be inferred, however, from the present data. 

A technique that enables the harvest of the cyto- 
plasm of individual Purkinje cells and the amplifica- 
tion of heterogeneous populations of mRNAs has 
been described by Van Gelder et al. (1990). In contrast 
with these authors, we did not include the reverse 
transcriptase in the internal patch pipette solution, 
since we found it impossible to obtain a G Q  seal when 
this enzyme was present in the electrode. Indeed, the 
formation of a tight seal between the patch pipette 
and the neuron under study was necessary for the 
electrophysiological recordings and should prevent, 
during the harvest procedures, sucking of cytoplasm 
of other cells in close apposition with the one re- 
corded. 

Electrophysiological Recordings 
The QA- and KA-induced currents were characteristic 
of the activation of AMPA receptors: Purkinje cells 
and granule cells displayed desensitizing responses 
to QA, and nondesensitizing responses to KA and 
these agonist-induced currents were blocked by 
CNQX (data not shown). These responses resembled 
those reported from other neurons of the central ner- 
voussystem(Ishidaand Neyton,1985;Tangetal.,1989; 
Patneau and Mayer, 1991) as well as those obtained in 
nonneuronal cells engineered for the expression of 
subunits of the AMPA receptor (Sommer et al., 1990). 

Specificity of the Molecular Analysis 
The molecular analysis of the mRNAs contained in 
single cells or of poly(A)’ RNA was specific for the 
AMPA receptor, since the sizes of the amplified frag- 

ments corresponded to those predicted for GIuRl- 
4flip or flop cDNAs, the restriction digest generated 
fragments of the predicted size, and all of these frag- 
ments were labeled by their corresponding GluRl- 
4-specific probe. 

Comparisons between glial cells and Purkinje cells 
show that the analysis of the mRNAs detected in single 
cells is cell-type specific. Purkinje cells, responsive to 
QA and KA were found to express AMPA receptor 
mRNAs but not the GFAP-encoding mRNA, which is 
glia specific. In glial cells, which indeed were found 
to express the GFAP mRNA, the absence of QA and 
KA responses was correlated with the absence of de- 
tectable GluRl-4 mRNAs. Therefore, the amplified 
product is not derived from genomic DNA, and no 
contamination by exogenous GIuRl-4 mRNA or 
cDNA occurred during single-cell analysis. In accor- 
dance, we failed to detect plasmid-derived AMPA re- 
ceptor cDNAs during single-cell analysis. 

The detection of a given GluRl-4flip or flop ampli- 
fied fragment thus implies the presence of its corre- 
sponding mRNA in the sample (single cell or poly(A)‘) 
analyzed. Conversely, the absence of a given GluRl- 
4 fragment in the amplification product was related 
to the cell specificity of the AMPA receptor subunit 
composition rather than to a failure of the amplifica- 
tion reaction. Indeed, all the GIuRl-4 mRNAs were 
found in poly(A)+ RNA from rat cerebellum, an obser- 
vation that demonstrates the efficiency of the PCR 
using the up and lo primers. Furthermore, while the 
subset of subunits detected in Purkinje cells was 
rather constant, a completely different subunit com- 
position was found for the AMPA receptor of the gran- 
ule cell. The granule cells were first identified on the 
basis of their morphology, as seen with phase- 
contrast microscopy. The subunit composition of the 
AMPA receptor present in 1 such cell (GluR2flip and 
GluR4flop present and GluR2flop and GluR4flip de- 
tected), which corresponds to in situ hybridization 
results (Keininen et al., 1990; Sommer et al., 1990), 
confirms their identification as cerebellar granule 
cells. 

Finally, the absence of a fragment resistant to re- 
striction digest indicates that we never amplified the 
mRNA of a yet unknown AMPA receptor subunit. 

Quantification of GIuRl-4 Proportions 
The PCR amplifications using the up and lo common 
primers were designed to be competitive (Gilliland et 
al., 1990; Wang and Mark, 1990) in that the coamplifica- 
tion of the different GIuRl-4 cDNA species should 
proceed with the same efficiency for each of them. 
The hybridization temperature used during the first 5 
amplification cycles was well below the T, calculated 
for the primers (see Experimental Procedures), so that 
each of the GluRl-4flip or flop cDNAs were equally 
suitable templates for the amplification. Furthermore, 
the efficiency of the PCR should be the same with 
the different GIuRl-4 fragments, since their sizes are 
equivalent. This indeed seemed to be the case, since 
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for GluRl, 2, and 3 the relative amounts of the ampli- 
fied fragments corresponded to the initial propor- 
tions of their in vitro transcripts. In addition, RNA 
samples containing different proportions of GluRl-4, 
namely the Purkinje cells, the granule ceil, and the 
cerebellar poly(A)+RNA, yielded different proportions 
of GluRl-4 amplified fragments. Finally, the con- 
stantly observed predominance of GluR2 in Purkinje 
cells confirms that the original GluRl-4 proportions 
are maintained when similar RNA samples are am- 
plified. Therefore, the relative abundances of the 
GIuRl-4 amplified fragments, as estimated in restric- 
tion analysis, were probably indicative of the relative 
abundances of their corresponding mRNAs in the in- 
dividual cells. Whether these relative amounts of 
mRNAs are indicative of the proportions of the corre- 
sponding protein is still unknown, but this may be 
the case for the AMPA receptor subunits. It has been 
shown that GIuR2 confers linear current-voltage rela- 
tionships to the hetero-oligomers it forms with the 
other subunits in expression systems (Boulter et al., 
1990; Nakanishi et al., 1990). In Purkinje and granule 
cells, in which GIuR2 is predominant, the current- 
voltage relationships of the KA responses are linear. 
By contrast, KA responses with inwardly rectifying 
current-voltage curves were found in oocytes ex- 
pressing the batch of poly(A)’ RNA purified from rat 
cerebellum in which we found GIuR2 less abundant 
than GluRl orGluR4(Dr. L. PradodeCarvalho, unpub- 
lished data; see also Randle et al., 1988). It thus seems 
that different proportions of the GIuR2 mRNA lead to 
different proportions of the GIuR2 protein. 

In contrast with the amplifications performed using 
the up and lo primers, the specific amplifications of 
flip or flop forms were not competitive. Therefore, 
comparisons between the amounts of the GIuRl-4 
mRNAs reported here as “present” (amplified using 
1 pg of template DNA) are not possible. However, the 
amounts of GluR3flop and GluR4flip in the Purkinje 
(ells were obviously much lower than the amounts of 
the other subunits. Indeed, they were either unde- 
tected or detectable only when using a larger amount 
of template DNA. Similarly, we found GluR4flop to be 
absent from Purkinje cells. The observation that, in 
single cells, the relative level of expression of the flip 
and the flop versions differs from one subunit to the 
other shows that this alternative splicing is regulated 
independently for each of these subunits. 

The AMPA Receptor of Purkinje Cells 
The AMPA receptor subunits’ mRNAs significantly ex- 
pressed in Purkinjecells werethereforeGluRlflipand 
flop, GluR2flip and flop (predominant), and GluR3flip. 
In addition, GluR3flop and GluR4flip were scarcely 
expressed, and GluR4flop was absent. This, alto- 
gether, is in good agreementwith in situ hybridization 
results (Keinanen et al., 1990; Sommer et al., 1990). The 
occasional detection of GluR4flip in Purkinje cells by 
our method could explain why Bettler et al. (1990) 
reported the presence of GluR4 in these cells, in con- 

trast with the report by Keintinen et al. (1990). Our 
technique appears therefore to be very sensitive, as 
expected from the use of PCR, enabling us to detect 
the presence of rare mRNA species. 

In addition, our results indicate that some diversity 
may exist among Purkinje cells with respect to the 
subunit composition of their AMPA receptor (in Table 
1, see for instance that GIuR2 is lower in cell 3, and 
GIuR3 is absent from cell 12). Since such a diversity 
has been reported for the expression of other proteins 
(for instancezebrin; see Leclercet al., 1988) in Purkinje 
cells, the diversity we observed may be functionally 
significant. In these neurons, which do not respond 
to N-methyl-D-aspartate (Crepe1 et al., 1982), the re- 
sponses toclimbingfibers involve the AMPA receptor 
activation (KnGpfel et al., 1990; Perkel et al., 1990; Far- 
rant and Cull-Candy, 1991; Llano et al., 1991). How- 
ever, the innervation by olivary afferents does not 
seem to be a factor influencing the expression of the 
AMPA receptor subunits. This is consistent with what 
has been found for the expression of L7 and Zebrin 
proteins (Leclerc et al., 1988; Smeyne et al., 1991). 

An important finding of the present study, which 
could not be inferred from in situ hybridization analy- 
sis, is that most of the individual Purkinjecellsexpress 
five different subunits. On the other hand, the AMPA 
receptor of granule cells seems to require only two 
subunits (GluR2flip and GluR4flop, as major constit- 
uents. The five different subunits of the Purkinje cells 
may therefore compose functional AMPA receptors 
heterogeneous with respect to their subunit compo- 
sition. Whether this possible heterogeneity of the 
AMPA receptors within a single cell could be the basis 
of a functional heterogeneity between synapses is an 
open question. 

Experimental Procedures 

Cell Culture and Electrophysiological Recording 
Cerebellar monocultures and olivocerebellar cocultures were 
prepared by means of the roller tube technique, as previously 
dexribed (GBhwiler, 1984). For elertrophyslological recordings, 
IO- to 40.day-old cultures were transferred in a recording cham- 
ber mounted on the plate of an inverted microscope and per- 
fused at a flow rate of 1 mlimin with a solution containing the 
following: 155 mM Na’, 5 mM K’, 162 mh4 Cl , 1 mM Ca”, 1 mM 
Mg’+, 10 mM HEPES, 10 mM o-glucose. and 10 I mhl TTX (at pH 
7.2). All drugs (KA, QA, and CNQX from Tot ris Neuramin; TTX 
from Sigma) were prepared in the same solution dnd applied 
with a U-tube microperfusing system. To rcLcord the complex 
spike activity in olivocerebellar cocultures, TTX was omitted 
from the perfusing solution. Recordings were performed at 
room temperature (18°C-220C), using the whole-cell configura- 
tion of the patch-clamp technique (Hamill et al., 1981). Pipettes 
had a tip resistance of l-3 MO and were tilled with 8 ~1 of the 
following autoclaved solution: 120 mM CSCI, ‘5 mM hlgCli, 5 mM 
LCTA, 10 mM HEPES (pH 7.2). 

Cellular RNA Harvest and Reverse Transcriplion 
At the end of the recording, a negative pressure wa\ applied to 
the pipette, and the flow of the cell’s contents was observed 
under the microscope. The cytoplasm harvest was as complete 
as possible, and the nucleus was sometimes harvested a5 well. 
The lip of the pipette was then broken inlo a test tuhe in which 
the pipette’s contents were expelled. To the 6.5 ~1 usually ob- 



tained in the test tube was added 3.5 PI of a solution containing 
hexamer random primers (Boehringer Mannheim, final concen- 
tration 5 PM), dithiothreitol (final 10 mM), the 4deoxyribonucleo- 
tides triphosphate (Pharmacia, final 0.5 mM each), 20 U of ribo- 
nuclease inhibitor (Promega), and 100 U of Maloney murine 
leukemia virus reverse transcriptase (BRL). The resulting 10 ~1 
mix was incubated for 1 hr at 35°C for the synthesis of single- 
stranded cDNA and then kept on dry ice until PCR amplification. 

Figure 1 outlines the procedure followed to identify the mRNA 
encoding the AMPA receptor subunits and the primers used for 
the PCR amplifications. 

First Amplification of the CluR1-4 cDNA Fragments 
The first PCR reaction amplified a fragment of the GIuRl, 2,3, or 
4 cDNAs of the flip or flop forms. The resulting DNA products 
were used as templates in further PCR amplifications designed 
to analyze which of the GluRl-4flip or flop cDNA fragments 
were present in the first PCRamplification product.Thefirst PCR 
amplification used the above cDNAs as templates and the up 
(sense) and lo (antisense) primers (Figure 1). The T, values of the 
up and lo primers, calculated using the program Oligo (Rychlik 
and Rhoads, 1989), were 62.6’C and 54.4OC. respectively. After 
correction for the existence of mismatches the T,,, values are 
53.3OC for the up primer (two mismatches with GluR3) and 49OC 
for the lo primer (one mismatch with GluRlflip). 

The reaction was performed in a final volume of 100 ul con- 
taining 10 pmol of each primer, the 10 ul reverse transcription 
reaction (50 PM [final concentration] of each deoxyribonucleo- 
tide), 0.5 mM (final concentration) MgCI,, 20 mM Tris-HCI (pH 
8.3), 25 mM KCI, 100 Rg/ml gelatin, and 2.5 U of Taq polymerase 
(Stratagene). Five cycles (94”C, 30 s; 45OC, 30 s; ramp to 72OC, 
1 min 10 s; 72OC, 30 s) followed by 35 cycles (94OC, 30 s; 49”C, 30 s; 
72OC, 30 s) were performed, with a programmable thermocycler 
(Perkin-Elmer/Cetus). Ten microliters of the amplification reac- 
tion was run in parallel with a known amount of a molecular 
weight marker (@X174, Haelll digested) on a 1.5% agarose gel 
stained with ethidium bromide. The amount of amplified DNA 
was estimated from comparison with the bands of the molecular 
weight marker. The sizes of the amplified fragments calculated 
from the published sequences were 749 bp for GluRl, 2, and 4 
and 755 bp for GluR3 (Figure 1). Any mixture of these fragments 
should appear as a single DNA band upon agarose gel electro- 
phoresis. 

Fifty microliters of the amplification reaction was then passed 
through a chromaspin P400 gel filtration column (Clontech) to 
remove primers and primer dimers. The purified PCR product 
was used for all subsequent amplification steps. 

Second PCR Amplification for Restriction Analysis 
To obtain a sufficient amount of CIuRl-4 amplified fragments 
for a restriction analysis, a second round of amplification was 
performed (Figure I), using the up and lo primers and 1 pg of 
DNA (5 x IO5 molecules of 750 bp) of the purified ftrst PCR 
product as a template. It was performed in a final volume of 100 
ul containing the DNA template, 10 pmol of each primer, 50 
PM of each deoxyribonucleotide, 0.5 mM (final concentration) 
MgC12, 20 mM Tris-HCI (pH 8.3). 25 mM KCI, 100 ttg/ml gelatin, 
and 2.5 U of Taq polymerase (Stratagene). Thirty-five cycles 
(94OC, 30 s; 49”C, 30 s; 72”C, 30 s) were performed, and after a 
chloroform-isoamylalcohol extraction, the reaction was ethanol 
precipitated. The DNA was then resuspended in 20 ul of H,O, 
and 2 ul aliquots were digested by a selected restriction enzyme 
(Figurel). Fourenzymeswerechosen, Bgll, Bsp12861, EcoRl (New 
England BioLabs), and Eco47lll (Boehringer Mannheim), which 
selectively cut the CIuRl, 2, 4, or 3 PCR fragment, respectively. 
The restriction reaction was then analyzed byagarosegel electro- 
phoresis as described above. 

Second PCR Amplification for Flip/Flop Analysis 
The presence of the flip or flop forms of each of the subunits In 
the first PCR amplification product was determined by a second 
round of amplification. It used the purified first PCR product (l- 
500 pg) as template and primer pairs specific for either the flip 

or flop version of each CIuRl, 2, 3, or 4 subuntt (Figure I). The 
reactions were performed in a final volume of 100 ul containing 
the DNA template, 10 pmol of each primer, 50 FM of each deoxy- 
ribonucleotide, 0.5 mM (final concentration) MgCli, 20 mM Tris- 
HCI (pH 8.3), 25 mM KCI, 100 pgiml gelatin, and 2.5 U of Taq 
polymerase (Stratagene). Thirty-five cycles (94”C, 30 s; 52’C, 30 s; 
72Y, 30 s) were performed. To investigate the presence and size 
of theamplified fragment, 5 ul of the reaction was then analyzed 
by agarose gel electrophoresis as descrtbed above. 

PCR Amplification of the GFAP cDNA Fragment 
Since the rat GFAP cDNA sequence has not yet been published, 
the primers used for the amplification of the GFAP cDNA frag- 
ment were chosen in two regions of the mouse GFAP cDNA 
(Lewis et al., 1984), sharing high degree of sequence identity wtth 
its human counterpart (Reeves et al., 1989). The positions ot the 
sense and antisense primers were 370and 982, respectively (posi- 
tion 1 is the first base of the mouse cDNA sequence reported by 
Lewis et al. [1984]), predicting a 632 bp fragment as a result of 
PCR amplification. Their respective sequences were, trom 5’ to 
.3’, AAGCTCCAACATGAAACCAACCTCA and GCCATCTCGAT- 
CTCCACGGC. The PCR amplification, performed on the cDNA 
obtained from single cells in a final volume of 100 11, contained 
10 pmol of each primer, the 10 ~1 reverse transcription reaction 
(final deoxyribonucleotide concentrations, 50 KM each), and 2.5 
U of Taq polymerase (Stratagene) in the buffer supplied by the 
manufacturer. Forty cycles (94OC, 30 s; 55OC, 30 s; 72OC, 30 s) were 
performed. Ten microliters of the reaction was then analyzed by 
agarose gel electrophoresis as described above. 

PCR Amplification of Cloned AMPA Receptor cDNAs 
A primer pair (from 5’ to 3’, sense: TCAAAAACAAATCCTCG~ 
TACCA, antisense: CGACTCACTATAGCGCGAAT) was designed 
to amplify AMPA receptor cDNA sequences cloned in laboratory 
plasmids. The sense primer was complementary to the lo primer 
described above, and the antisense primer was chosen in the 
region of the T7 promoter of the Bluescript plasmid. The PCR 
was set with 10 pmol of each primer, 66 fg (IO” molecules) 01 
plasmid template, 50 trM of each of the deoxyribonucleotide\. 
and 2.5 U of Taq polymerase (Stratagene) in the buffer supplied 
by the manufacturer, and 40 cycles (94”C, 50 s; 44”C, 30 s; 72”C, 
2 min) were performed. Ten microliters of the reaction was 
analyzed by gel electrophoresis. GluRlflop, CluR2flop, and 
GluR3flip gave amplification products 500 bp, 1500 bp, and 500 
bp long, respectively (data not shown). GluRlflip, CluRZflip, and 
GluR4flop plasmtds were not present at the laboratory, and 
CluR4flip was not suitable for amplification by this procedure. 
since it is cloned in the T7 orientation in the Bluescnpt plasmid. 

Southern Blot Analysis 
After agarose gel electrophoresis, the DNA fragments present In 
the gel were transferred onto a nylon membrane (Hybond N’. 
Amersham). The resulting Southern blot was then hybridized 
with one of the GIuRl, 2. 3, 4, or the CFAP-specific probes. The 
probes for GIuRl, 2, 3, or 4 were prepared from Bluescript plas- 
mids containingthe entire coding sequence of either CluRlflop. 
GluR4flip (kind gifts of S. Heinemann), GluR2flop (kind gift ot 
P. H. Seeburg), or GluR3flip (kind gift of N. Nakanishi), ustng 
the Multiprime DNA labeling kit (Amersham). The CFAP-specific 
probe was a PCR product obtained from mouse forebrain total 
RNA using the primers designed for the ampliftcation of the 
GFAP cDNAs from the cultured glial cells (see above). The tden- 
tity of this mouse GFAP cDNA fragment was confirmed both by 
its size (632 bp) and by restriction analysis with Mscl and Pvull 
enzymes, which were in agreement with predictions from pub- 
lished sequence. 

RNA Preparation and Amplification 
Total RNAwas prepared from fresh cerebellum of Ii-day-old rats 
or from mouse forebrain by usmg the guanidinium thiocyanate 
single-step method (Chomczynski and Sacchi. 1987). Poly(A)’ 
RNA was selected by using an oligo(dT) column. In vitro tran- 
scriptions of the GluRlflop, GluR2flop, or CluR3flop (kind gitt 
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of S. Heinemann) cDNA sequences contained in the Bluescript 
plasmid using T3 RNA polymerase were performed as described 
elsewhere (Lambolez et al., 1991). The reverse transcription reac- 
tions were set with 20 ng of poly(A)’ RNA, 200 ng of total RNA, 
or20pgof invitrotranscriptsandcarriedoutasdescribedabove, 
as well as the following amplification and analysis steps. 
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