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Native AMPA receptors (AMPARs) were investigated in neocor-
tical fast-spiking (FS) and regular-spiking nonpyramidal (RSNP)
cells. The onset of and recovery from desensitization as well as
current rectification and single-channel conductance were
studied by using fast glutamate application to outside-out
patches. The GluR1–4 subunit, flip/flop splicing, and R/G edit-
ing expression patterns of functionally characterized cells were
determined by single-cell reverse transcription-PCR to corre-
late the subunit composition of native AMPARs with their func-
tional properties. Our sample, mostly constituted by RSNP
neurons, predominantly expressed GluR3 flip and GluR2 flop. In
individual cells, flip/flop splicing of each subunit appeared to be
regulated independently, whereas for R/G editing all subunits
were either almost fully edited or unedited. We confirmed that
the relative GluR2 expression controls the permeation proper-
ties of native AMPARs, whereas none of the single molecular

parameters considered appeared to be a key determinant of the
kinetics. FS neurons displayed AMPARs with relatively homo-
geneous functional properties characterized by fast desensiti-
zation, slow recovery from desensitization, marked inward rec-
tification, and large single-channel conductance. In contrast,
these parameters varied over a wide range in RSNP neurons,
and their combination resulted in various AMPAR functional
patterns. Indeed, in different cells, fast or slow desensitization
was found to be associated with either slow or fast recovery
from desensitization. Similarly, fast or slow kinetics was asso-
ciated with either strong or weak rectification. Our results sug-
gest that kinetic and permeation properties of native AMPARs
can be regulated independently in cortical neurons and proba-
bly do not have the same molecular determinants.

AMPA receptor; neocortex; interneuron; single-cell RT-PCR;
fast glutamate application; subunit; splicing; editing

The fast excitatory synaptic transmission in the CNS is mediated
mainly by AMPA receptor channels (AMPARs). These recep-
tors are multimeric assemblies of four different subunits GluR1–4
(for review, see Wisden and Seeburg, 1993; Hollmann and Hei-
nemann, 1994). Further diversity is generated by alternative splic-
ing (Sommer et al., 1990) and mRNA editing (Sommer et al.,
1991; Lomeli et al., 1994). In heterologous expression systems
recombinant AMPAR permeation properties are controlled by
the relative abundance of GluR2 (for review on voltage depen-
dence and calcium permeability, see Hollmann and Heinemann,
1994; Jonas and Burnashev, 1995) [see also Swanson et al. (1997)
for single channel conductance]. In contrast, their kinetic prop-
erties are affected by multiple factors, including subunit compo-
sition, flip/flop alternative splicing, and mRNA edition at the R/G
site (Sommer et al., 1990; Lomeli et al., 1994; Mosbacher et al.,
1994; Partin et al., 1994).

Studies of native AMPARs by patch-clamp recordings com-
bined with single-cell reverse transcription-PCR (single-cell RT-
PCR; Lambolez et al., 1992) have confirmed the role played by
the GluR2 subunit in their permeation (Bochet et al., 1994; Jonas

et al., 1994; Geiger et al., 1995), but the identity of the molecular
determinants controlling their kinetics is still controversial. In-
deed, slow and fast desensitizations were correlated with either
GluR2 flip and GluR4 (Geiger et al., 1995), respectively, or to flip
and flop splice variants (Lambolez et al., 1996). The correlation
found by Geiger et al. (1995) suggests that permeation and kinetic
properties of native AMPARs may not be regulated indepen-
dently and would range from fast desensitizing–calcium perme-
able (as found in interneurons) to slow desensitizing–calcium
impermeable (as found in pyramidal cells). This is indeed the
case for most neural cell types studied so far.

In the present work the kinetic and permeation properties of
AMPARs were studied in neocortical nonpyramidal cells and the
GluR1–4, flip/flop splicing, and R/G editing expression patterns
of electrophysiologically characterized cells were determined by
single-cell RT-PCR. Neocortical nonpyramidal neurons comprise
the fast-spiking (FS) cells that show relative homogeneity in their
morphology, action potential firing, biochemical markers expres-
sion, and AMPAR properties and the highly heterogeneous
regular-spiking nonpyramidal (RSNP) cells for which the AM-
PARs have not been studied (McCormick et al., 1985; Hestrin,
1993; Kawaguchi and Kubota, 1993; Jonas et al., 1994; Kawagu-
chi, 1995; Lambolez et al., 1996; Cauli et al., 1997).

Nonpyramidal cells showed a large diversity of AMPAR func-
tional patterns in which permeation and kinetic properties varied
independently. We confirmed that permeation properties of na-
tive AMPARs are determined by GluR2. In contrast, none of the
single molecular parameters considered appeared to be a key
determinant of kinetic properties. Our results suggest that the
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Diversité Cellulaire, Centre National de la Recherche Scientifique Unité de Re-
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functional diversity of native AMPARs derives from the combi-
nation of independent molecular variables and that specific com-
binations of these variables vary on a cell type basis.

MATERIALS AND METHODS
Brain slices preparation and patch-clamp recordings. Young Wistar rats
(13–17 postnatal days old) were anesthetized with ketamine (65 mg/kg)
and xylazine (14 mg/kg) and decapitated. Brains were removed quickly,
and 300-mm-thick parasagittal slices were prepared from cerebral frontal
cortex with a vibratome (DSK microslicer DTK-1000, Dosaka, Japan),
following the procedure of Edwards et al. (1989). For recordings, slices
were transferred to a chamber perfused at 2–3 ml/min with a physiolog-
ical extracellular saline solution containing (in mM): 121 NaCl, 2.5 KCl,
1.25 NaH2PO4 , 2 CaCl2 , 1 MgCl2 , 5 Na-pyruvate, and 15 glucose,
bubbled with a mixture of 95% O2 /5% CO2. Patch pipettes were pulled
from borosilicate glass tubing and had a resistance of 5–10 MV when
filled with an internal solution containing (in mM): 144 K-gluconate, 3
MgCl2 , 0.2 EGTA, 10 HEPES, 2 ATP, 0.2 GTP, and 100 mM spermine,
pH 7.2–7.4, 300 mOsm. Spermine was included because it maintains the
voltage dependence of AMPARs in excised patches (Bowie et al., 1995;
Kamboj et al., 1995; Koh et al., 1995). All potentials were corrected for
junction potential (212 mV) (Neher, 1992). Whole-cell recordings were
performed from layers IV/VI nonpyramidal cells at room temperature.
Only neurons with resting membrane potential more negative than 262
mV were considered further.

Cells were identified initially by videomicroscopy with Nomarski optics
under infrared illumination (Stuart et al., 1993). Neurons with charac-
teristic pyramidal shapes were excluded from the sample. Furthermore,
the kinetics of the action potential firing of recorded cells was analyzed
to discard those with electrophysiological patterns of pyramidal cells (see
Data Collection and Analysis; McCormick et al., 1985; Connors and
Gutnick, 1990; Kawaguchi, 1995; Lambolez et al., 1996).

After intracellular recordings outside-out membrane patches were ex-
cised from nonpyramidal cells to study native AMPARs. Fast application
experiments on outside-out patches were performed by a method originally
developed by Franke et al. (1987). A double-barreled application pipette
(100–200 mm tip diameter) was operated by a piezoelectrical device (PZ-
150 M, Burleigh Instruments, Fishers, NY). Two solutions were used for
rapid perfusion: a control solution containing (in mM) 135 NaCl, 5.4 KCl,
1.8 CaCl2 , 1 MgCl, and 10 HEPES (315 mOsm) and a test solution
containing, additionally, 10 mM glutamate and 50 mM sucrose. To adjust the
osmolarity, we diluted the test solution 1:10 with water before the addition
of the glutamate (final concentration 10 mM). Isolated patches were posi-
tioned in the control solution near the interface of the agonist-containing
stream. The rate of the solution exchange was estimated at the end of each
recording by measuring the current resulting from the junction potential
between the two solutions with the open patch pipette. The exchange time
(20–80%) of considered patches was 0.26 6 0.1 msec (mean 6 SD; n 5 57),
and the mean rise time (20%–80%) of glutamate-induced currents was
0.35 6 0.16 msec (n 5 66).

Data collection and analysis. Intracellular current-clamp (mode
I-Clamp fast) and outside-out voltage-clamp recordings were obtained by
a patch-clamp amplifier (Axopatch 200A, Axon Instruments, Foster City,
CA) and filtered at 5 and 2 kHz, respectively. Digitized data were
acquired and analyzed with Acquis1 software (Gérard Sadoc, Centre
National de la Recherche Scientifique, Gif-sur-Yvette, France).

The characteristics of the action potential discharges induced by de-
polarizing current pulses were analyzed following the procedure de-
scribed by Cauli et al. (1997). Briefly, the instantaneous discharge fre-
quency was determined all along the discharge and plotted as a function
of time at the highest intensity tested (400–600 pA). The instantaneous
discharge frequencies between the first two spikes ( finitial) and at the end
of the stimulation ( ffinal ) were used to calculate the accommodation of
the firing frequency during the discharges according to ( finitial 2 ffinal )/
finitial. Two physiological groups of nonpyramidal cells were defined
according to their action potential firing behavior, as defined by Cauli et
al. (1997). Neurons of the first group corresponded to fast-spiking cells,
which fired fast action potentials at a high constant rate. Cells of the
second group were unable to sustain high frequencies of repetitive
discharges and corresponded to RSNP cells (Kawaguchi, 1995). Uncer-
tain cases were distinguished by measuring the input resistance, the spike
amplitude and duration, and the after-hyperpolarization amplitude of
the first and second action potentials of the discharges as previously
described (for details, see Cauli et al., 1997). Pyramidal cells were

discriminated from these two populations of nonpyramidal cells accord-
ing to their smaller after-hyperpolarization (less than 27 mV), longer
spike duration (.1.5 msec), and stronger accommodation of the firing
frequency (.80%) (for details, see Cauli et al., 1997).

Different characteristics of AMPARs were studied simultaneously in a
single isolated patch. To study the kinetics of desensitization of these
receptors, we applied 10 mM glutamate steps of 100 msec at 272 mV
(step frequency 0.2 Hz). The desensitization time constant was obtained
by fitting the decay of the averaged current (10–50 traces) by a single
exponential function. A nonstationary noise analysis was made from
glutamate-induced responses (22–50 traces) that did not show any run-
down to determine the weighted mean single-channel conductance, as
previously described (Sigworth, 1980; Cull-Candy et al., 1988; Hestrin,
1993; Silver et al., 1996). For this purpose the variance–amplitude (s2–I )
relationship was plotted. The shape of the s2–I relationship was either
linear (n 5 22) or parabolic (n 5 6), and the plot was fit with a linear
regression function (2⁄3 of the points) or with a parabolic function (all
points), respectively. The fact that the shape of the s2–I relationship was
often linear suggests that the open probability of AMPARs is low in our
experimental conditions (see Silver et al., 1996). The slope of the vari-
ance–amplitude relationship was considered as a weighted mean single-
channel current and divided by the driving force. We assumed that the
driving force was 270 mV, determined from the reversal potential (Erev
5 22 mV) calculated from ion concentrations of the external and
internal solutions.

Furthermore, a rectification index (RI ) was calculated from current–
voltage ( I–V) curves with the following expression (Ozawa et al., 1991;
Bochet et al., 1994):

RI 5 @I28 /~28 2 Erev!#/@I272 /~272 2 Erev!#, (1)

where I28 and I272 correspond to the normalized current at 28 and 272
mV, respectively, and Erev corresponds to the experimental reversal
potential. Currents were normalized with respect to the I272 for com-
parison among cells.

Finally, the recovery from desensitization was studied by applying
pairs of 1 msec pulses of glutamate (Hestrin, 1993; Lomeli et al., 1994).
The two application pulses were separated by increasing time intervals
(from 5 to 350 msec). For each pulse pair we measured the amplitude of
the first current (current 1) and the amplitude of second current (current
2); the ratio of current 2/current 1 was plotted against time intervals. The
time required for 50% recovery from desensitization (t50% ) was esti-
mated by interpolation.

Statistical data are given as mean 6 SD. Correlations between func-
tional and molecular parameters (see below) were tested with the non-
parametrical Spearman test. We computed the Spearman rank linear
correlation coefficient (rs ), and we calculated U 5 u(n 2 1) rs , which
follows the distribution of Laplace–Gauss (Lebart et al., 1982).

Molecular analysis by single-cell RT-PCR. A second whole-cell record-
ing was performed on functionally characterized cells. The patch pipette
(3–5 MV) used to harvest the cytoplasm was filled with 8 ml of autoclaved
RT-PCR internal solution containing (in mM): 144 K-gluconate, 3
MgCl2 , 0.2 EGTA, and 10 HEPES, pH 7.4, 300 mOsm. The cell content
was aspirated under visual control by application of a gentle negative
pressure into the pipette. The harvesting was interrupted as soon as the
seal was lost. Then the content of the pipette was expelled into a test tube
and RT performed in a final volume of 10 ml, as described (Lambolez et
al., 1992).

GluR1–4 cDNAs amplification. The RT products were amplified with
the common GluR1–4 primers (sense primer, CCTTTGGCCTAT-
GAGATCTGGATGTG; antisense primer, TCGTACCACCATTT-
GTTTTTCA) with 40 PCR cycles, as described (Lambolez et al., 1992).
In 50% of the harvested cells the RT-PCR yielded amplified GluR1–4
cDNAs, as seen by agarose gel electrophoresis of 10 ml of the reaction.
The product of positive samples was purified on a 1.5% low-melting-
point agarose gel and saved for further analysis.

Quantification of the GluR1–4 relative proportions. The procedure was
performed essentially as described by Lambolez et al. (1996), except that
quantification was based on fluorescence instead of radioactivity. Ali-
quots of the purified product from the first PCR were reamplified with
the same set of primers, the antisense primer being carboxyfluorescein
(FAM) fluorescently labeled at the 59 end. In all, 25 cycles (94°C, 30 sec;
49°C, 30 sec; 72°C, 45 sec) were performed. The product of the second
PCR was cut by BglI, Bsp1286I, Eco47III, or EcoRI, which selectively cut
the GluR1, 2, 3, or 4 PCR fragment, respectively (for details, see
Lambolez et al., 1992, 1996). The restriction reactions were performed
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on 1 ml aliquots of the PCR product in a 5 ml volume and, after the
addition of 30 ml of H2O, were run by capillary electrophoresis [2.3%
fragment analysis reagent (FAR), nondenaturing conditions] in an ABI
310 Genetic Analyzer (Perkin-Elmer, Foster City, CA) and analyzed
with the GeneScan software (Perkin-Elmer). Because only the antisense
primer was labeled, each restriction cut generated only one labeled
restriction fragment. For each run, corresponding to a subunit-specific
cut, the total fluorescence present in both the cut and the uncut peaks was
normalized to 100%. The percentage of fluorescence present in the cut
peak thus represented the percentage of the corresponding subunit in the
GluR1–4 amplified products.

Quantification of the flip/flop proportions of GluR1–4. Aliquots of the
purified product of the first amplification were submitted to a second
amplification with the following sets of primers: the sense primers were
specific for GluR1 (R1, GGACGAGACCAGACAACCAG at position
1717; position 1 is the first nucleotide of the initiation codon), GluR2
(R2, TGAAGATGGAAGAGAAACACAAAG at position 1731),
GluR3 (R3, ACCCACAAAGCCCTCCTG at position 1757), or GluR4
(R4, GAAGGACCCAGTGACCAGCC at position 1747), the common
antisense primer was that used for the first amplification, but FAM 59
end-labeled. Then 25 cycles (94°C, 30 sec; 49°C, 30 sec; 72°C, 45 sec) were
performed. The products of these second amplifications (632, 639, 628, and
630 bp for GluR1, 2, 3, and 4, respectively) were digested with enzymes
specific of either the flip or the flop form, yielding fragments of the
following size: 568 and 64 for GluR1 flip cut by BfaI, 571 and 68 for GluR2
flop cut by HpaI, 560 and 68 for GluR3 flop cut by HpaI, and 562 and 68 for
GluR4 flop cut by HpaI (Bochet et al., 1994; Lambolez et al., 1996).

The restriction reactions were performed on 1 ml aliquots of the PCR
product in a 5 ml volume and, after addition of 30 ml H2O, were run by
capillary electrophoresis (2.3% FAR, nondenaturing conditions) in an
ABI 310 Genetic Analyzer and analyzed with the GeneScan software.
For each run, corresponding to a variant-specific cut, the total fluores-
cence present in both the cut and the uncut peaks was normalized to
100%. The percentage of fluorescence present in the cut band thus
represented the percentage of the corresponding flip or flop variant for
each subunit. The percentage of the complementary variant was calcu-
lated assuming that flip plus flop variants represent 100%. For each cell
these relative values were multiplied by the relative amounts of the
GluR1 to four subunits previously determined (see above) to obtain the
relative proportions of the GluR1–4 flip or flop expressed.

Quantification of the R/G edited proportions of GluR2–4. Aliquots of the
products of the subunit-specific second amplification (see above) were
submitted to an additional amplification with the following primers
common to GluR2, 3, and 4: the sense primer (TGGATTCCAAAG-
GCTA, positions 2243, 2258, and 2246 on GluR2, 3, and 4, respectively)
was FAM 59 end-labeled and the antisense primer was that used for the
previous amplifications. In all, 18 cycles (94°C, 30 sec; 49°C, 30 sec; 72°C,
15 sec) were performed. The product of this amplification (127 bp) was
digested by the editing variant-specific enzyme MseI yielding fragments
of the following sizes: 127* bp for GluR2–4 flip edited (G form), 82 and
45* bp for GluR2–4 flip unedited (R form), 69 and 58* bp for GluR2–4
flop edited, and 69, 45*, and 13 bp for GluR2–4 flop unedited (* indicates
the fragment bearing the FAM fluorophore).

The restriction reactions were performed on 2 ml aliquots of the PCR
product in a 5 ml volume and, after addition of 30 ml of H2O, were run
by capillary electrophoresis (2.5% FAR, nondenaturing conditions) in an
ABI 310 Genetic Analyzer and analyzed with the GeneScan software. In
the cases in which only one of the flip or flop forms was present for a
given subunit, the percentage of fluorescence present in the 45 bp band
thus represented the percentage of the unedited variant for this subunit.
When a mix of flip and flop forms was present for a given subunit, both
of their unedited variants contributed to the fluorescence of the 45 bp
band. The amount of fluorescence contributed by the unedited flop form
(oR ) was calculated according to the following equation:

oR 5 ~iG 1 B 2 A z oG!/~ A 1 1!, (2)

where iG (edited flip) is the fluorescence amount in the 127 bp peak, oG
(edited flop) is the fluorescence amount in the 58 bp peak, A is the
flip/flop ratio (previously determined), and B is the fluorescence amount
in the 45 bp peak. Then the percentage of unedited flop [oR /(oR 1 oG )]
and of unedited flip [(B 2 oR )/(B 2 (oR 1 iG ))] were calculated. For
each cell these relative values were multiplied by the relative amounts of
the GluR2–4 flip or flop subunits previously determined (see above) to
obtain the relative proportions of the GluR2–4/flip-flop/R-G expressed.

RESULTS
Native AMPARs were studied from layer IV/VI nonpyramidal
cells in the sensory motor cortex of 13- to 17-d-old rats. The
functional and molecular properties of these receptors were an-
alyzed by combining fast glutamate application to outside-out
patches and single-cell RT-PCR. Outside-out patches from 66
nonpyramidal neurons were recorded, and in 27 cells a successful
combined analysis was made.

The FS cells and the RSNP cells were discriminated by the
frequency accommodation of the action potential trains induced
by depolarizing current injections. The average firing accommo-
dation of FS neurons was 33 6 11% (n 5 16), significantly
different from that of RSNP neurons (60 6 12%; n 5 47; Stu-
dent’s t test, p , 0.001) (see Materials and Methods). The pro-
portion of FS neurons (24%) was smaller than that of RSNP
neurons (76%).

Analysis of the AMPAR properties in an RSNP neuron
Four functional parameters were measured on glutamate-
induced responses: the desensitization time constant of the cur-
rent (t), the recovery from desensitization (t50% ), the rectification
of the I–V curves (RI), and the weighted mean single-channel
conductance ( g) (see Materials and Methods).

Figure 1 illustrates an analysis of the AMPAR properties in a
neuron identified as an RSNP cell by its firing properties (data
not shown). The desensitization time constant was determined
from the decay of AMPAR currents elicited by glutamate steps of
100 msec (t 5 5.95 msec; Fig. 1A). Recovery from desensitization
was determined by applying two pulses of 1 msec at increasing
time intervals (from 5 to 350 msec). For short time intervals the
current elicited by the second pulse (current 2) was smaller than
the current elicited by the first pulse (current 1) (data not shown).
The first pulse thus was sufficient to desensitize the glutamate-
induced currents. As shown for the RSNP cell of Figure 1, the
ratio of current 2/current 1 was plotted against the time between
the two pulses. The recovery from desensitization (t50%), inter-
polated from the plot, was estimated by the time needed for
current 2 to reach 50% of current 1 (t50% 5 35 msec; Fig. 1B).

The RSNP neuron analyzed in Figure 1 displayed AMPAR
responses with an I–V curve almost linear (RI 5 0.83; Fig. 1C).
Nonstationary noise analyses were performed on glutamate-
induced responses to determine the weighted mean single-channel
conductance of AMPARs. For the RSNP neuron illustrated in
Figure 1, the estimated single-channel current obtained from the
slope of the variance–amplitude relationship was i 5 0.57 pA (Fig.
1D). Assuming a driving force of 270 mV, the mean single-
channel conductance of AMPARs on this patch was 8.1 pS.

After characterizing the functional properties of AMPARs, we
obtained a second whole-cell recording on the same cell, and the
cellular content was harvested. Then an RT-PCR was performed
on the mRNAs harvested to investigate the GluR1–4 combina-
tion expressed in the cell (see Materials and Methods).

Figure 1E shows the molecular analysis performed on the
RSNP cell for which the glutamate-induced responses are de-
scribed above (Fig. 1A–D). The relative proportions of GluR1–4
were quantified after a second PCR, using the first PCR product
as a template and the primer pair common to all subunits (the
antisense primer was fluorescently labeled; see Materials and
Methods). The GluR1–4 subunits were cut with subunit-specific
restriction enzymes. Then the restriction reactions were run by
capillary electrophoresis, and the obtained fluorescence profiles
were used to quantify the GluR1–4 proportions (Fig. 1E, lef t).
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Figure 1. Functional and molecular analysis of AMPARs on a single RSNP neuron. Functional properties were investigated on an excised patch.
Subsequently, a second whole-cell recording was obtained on the same cell, and the cellular content was harvested to investigate the GluR1–4
combination expressed. A, Averaged response (bottom trace) to 100 msec step applications (top trace) of 10 mM glutamate (holding potential, 272 mV).
The current decay was fit by a single exponential function (t 5 5.95 msec) superimposed to the averaged current; average of 39 responses. B, Recovery
from desensitization between currents induced by pairs of 1 msec pulses of glutamate separated by increasing time intervals (from 5 to 350 msec). The
ratio of current 2/current 1 was plotted against time intervals. The time required for 50% recovery from desensitization was determined by interpolation
(t50% 5 35 msec). C, I–V curve of glutamate-induced responses. The averaged amplitudes of peak currents (averages of five responses) were measured
at different potentials (from 272 to 48 mV) and normalized with respect to the peak current at 272 mV. Note the linear shape of the curve (RI 5 0.83
and Erev 5 26 mV). The points were fit by a fourth-order polynomial function. D, Variance–amplitude plot obtained by nonstationary noise analysis
of glutamate-induced responses (holding potential, 272 mV). Two-thirds of the plot was fit with a linear regression. The estimated single-channel current
is obtained from the slope of the variance–amplitude relationship (i 5 0.57 pA). The weighted mean single-channel conductance for AMPARs on this
patch was 8.1 pS. E, Quantification of GluR1–4, flip/flop, and R/G edition proportions. GluR1–4 cDNA fragments were (Figure legend continues)
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For this RSNP cell the proportions of the different subunits in the
amplified products were 38.9% GluR1, 48.7% GluR2, and 12.4%
GluR3.

The flip/flop proportions for subunits expressed in individual
cells were analyzed in a second step. After second PCRs that used
the first PCR product as a template and subunit-specific primers
(the antisense primer was fluorescently labeled), each of the
resulting products was cut by a splice variant-specific enzyme and
run by capillary electrophoresis. The fluorescence profiles of

Figure 1E, upper right panel, showed that the RSNP cell ex-
pressed GluR1 flop, GluR2 flop, and GluR3 flip. The flip/flop
percentages obtained for each subunit were expressed as percent-
ages of the total of all subunits found in the cell.

The R/G proportions of individual subunits were analyzed in a
third step (the GluR1 subunit was not analyzed because it is not
edited). A PCR using the subunit-specific PCR products as a
template and a nested fluorescently labeled sense primer was
performed. Each of the resulting products was cut by an editing

Figure 2. Functional properties of
AMPARs in FS and RSNP neurons.
Open and filled bars correspond to FS
and RSNP cells, respectively. A, De-
sensitization time constants (t; n 5 66
cells). B, Recovery from desensitiza-
tion (t50% ; n 5 32). C, Rectification
index values calculated from I–V curves
(RI; n 5 65). D, Weighted mean single-
channel conductances ( g; n 5 28).
Note that RSNP cells show wide dis-
tributions of the four functional pa-
rameters in comparison to FS cells.

4

amplified with a fluorescent primer, cut with restriction enzymes, and submitted to capillary electrophoresis. The fluorescence profiles obtained are
displayed with subunit-specific colors: green, GluR1; red, GluR2; blue, GluR3; black, GluR4. Time of migration is represented horizontally (fragment size
increasing from lef t to right), and fluorescence intensity is represented vertically. Unincorporated primers peaks (p) are indicated. Left, GluR1–4
proportions. GluR1–4 cDNA fragments were coamplified and cut with subunit-specific enzymes. Positions of uncut (u; GluR1–4 cDNAs resistant to the
specific enzyme) and cut cDNA fragments are indicated. No GluR4 was found in this cell. The small peak present on all profiles at the same position
(lef t of R2 peak) is attributable to a PCR artifact uncut by the enzymes. Top right panel, Flip/flop proportions of GluR1–4 subunits expressed.
Subunit-specific amplifications were performed, followed by restriction with splice variant-specific enzymes. GluR1 and GluR3 were uncut (flop and flip,
respectively), whereas GluR2 was cut (flop). Bottom right panel, R/G edition proportions. After subunit-specific amplification, products were cut with an
editing variant-specific enzyme. Positions of edited flip (R3iG), edited flop (R2oG), and unedited (asterisk; not present but found in other analyzed cells)
peaks are indicated. In this cell GluR3 flip and GluR2 flop were edited.
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variant-specific enzyme and run by capillary electrophoresis. Fig-
ure 1E, lower right panel, shows the profiles obtained for the
RSNP cell used as an example. The profile corresponding to
GluR2 (red) showed that this subunit was edited (the cut peak was
at the position corresponding to the G form of flop subunits, 58
bp; see Materials and Methods). The profile corresponding to
GluR3 (blue) showed that this subunit was edited (this peak was
uncut, at the position corresponding to the G form of flip sub-
units, 127 bp; see Materials and Methods).

Functional diversity of AMPARs in nonpyramidal cells
Figure 2 shows the distribution of the desensitization time con-
stant and the recovery from desensitization as well as that of the
RI and the mean single-channel conductance of AMPARs in our
sample of nonpyramidal cells. Mean values of these functional
properties are summarized in Table 1. In our sample t and t50%

presented a wide distribution with values ranging from 1.56 to
18.4 msec (n 5 66; Fig. 2A) and from 5 to 181 msec (n 5 32; Fig.
2B), respectively. As observed for the kinetic properties, RI
widely varied in our sample (n 5 65) with values ranging from
0.12 to 1.32 (Fig. 2C). Single-channel conductances ranged from
5.3 to 36.3 pS, but relatively high values were predominant (n 5
28; Fig. 2D).

The FS and RSNP cell subgroups displayed AMPARs with
different functional properties (Table 1). Indeed, the mean t and
t50% of FS were significantly different from those of RSNP cells
(Student’s t test; p , 0.01 and p , 0.001 respectively; Table 1).
Similarly, the mean RI of FS was significantly different from that
of RSNP cells ( p , 0.001; Table 1). In contrast, the average of the
weighted mean single-channel conductance of FS cells was not
significantly different from that of RSNP cells (significance level
0.05; Table 1).

The functional diversity of AMPARs appeared more restricted
when only FS cells were considered. For instance, the scattering
of the t and RI values was attributable mostly to the AMPAR
responses of RSNP neurons. Indeed, in these cells, AMPAR
currents presented desensitization time constants between 2.61
and 18.4 msec and RI between 0.19 and 1.32 (Fig. 2A,C, filled
bars). In contrast, FS cells always showed AMPARs with fast
kinetics of desensitization (between 1.56 and 3.87 msec) and
pronounced inward rectification of the I–V curves (between 0.12
and 0.35) (Fig. 2A,C, open bars). The distribution of g values also
was more restricted for FS cells (Fig. 2D), but large variations of
t50% values were observed in both the RSNP and FS cell samples
(Fig. 2B).

Correlations between permeation properties or between ki-
netic properties of AMPARs were searched by analyzing data
obtained from individual cells (Spearman test; see Materials and
Methods).

The two permeation properties of these receptors, RI and the
mean single-channel conductance, were negatively correlated
( p , 0.01; Table 2), single-channel conductances decreasing as a
function of increasing RI.

Statistical analyses of kinetic properties of AMPARs showed
that the t and t50% were negatively correlated ( p , 0.01; Table 2).
This correlation indicated that slow desensitization time con-

Table 1. Mean values of four functional properties of AMPARs in
nonpyramidal cells

FS cells RSNP cells Sample

t (msec) 2.88 6 0.68 6.70 6 3.34 5.89 6 3.38
(n 5 16) (n 5 50) (n 5 66)

t50% (msec) 97.2 6 44.6 44.4 6 35.6 57.6 6 43.9
(n 5 8) (n 5 24) (n 5 32)

RI 0.23 6 0.07 0.66 6 0.29 0.55 6 0.31
(n 5 16) (n 5 49) (n 5 65)

g (pS) 26.1 6 6.6 19.6 6 8.7 21.9 6 8.9
(n 5 10) (n 5 18) (n 5 28)

The desensitization time constant (t), the recovery from desensitization (t50%), the
rectification index (RI), and the single-channel conductance (g) were measured from
glutamate-induced responses of FS and RSNP cells. Mean values were calculated
from data of individual cells for all of the samples and separately for these two
groups of neurons.

Table 2. Correlations between functional and molecular
parameters of AMPARs

U p n

Between functional parameters
t–RI 4.53 <0.001 65
t–RI (only for RSNP cells) 1.86 <0.04 49
RI–g 22.81 <0.01 28
RI–g (only for RSNP cells) 22.16 <0.02 16
t–t50% 22.61 <0.01 32
t–t50% (only for RSNP cells) 1.34 ,0.11 NC 24
RI–t50% 22.37 <0.01 32
RI–t50% (only for RSNP cells) 0.163 ,0.44 NC 24
t–g 22.21 <0.02 28
t–g (only for RSNP cells) 21.31 ,0.10 NC 18

Between subunitsa

GluR1–GluR2 0.06 ,0.48 NC
GluR3–GluR2 23.75 <0.001
GluR3–GluR1 21.78 <0.04

Between functional and molecular
parametersa

t–GluR1 0.47 ,0.32 NC
t–GluR1 flip 1.86 <0.04
t–GluR1 flop 20.43 ,0.34 NC
t–GluR2 1.82 <0.04
t–GluR2 flip 2.01 <0.025
t–GluR2 flop 1.08 ,0.14 NC
t–GluR3 21.04 ,0.15 NC
t–GluR3 flip 20.32 ,0.38 NC
t–GluR3 flop 21.48 ,0.07 NC
t–total flip 1.27 ,0.11 NC
t–total flop 21.12 ,0.13 NC
t50%–GluR2–4 edition 0.93 ,0.18 NC
t50%–GluR2–4 flip edition 0.59 ,0.28 NC
t50%–GluR2–4 flop edition 20.15 ,0.44 NC
RI–GluR1 1.05 ,0.15 NC
RI–GluR1 flip 0.36 ,0.36 NC
RI–GluR1 flop 0.64 ,0.26 NC
RI–GluR2 2.65 <0.001
RI–GluR2 flip 1.83 <0.04
RI–GluR2 flop 1.59 ,0.06 NC
RI–GluR3 21.88 <0.03
RI–GluR3 flip 21.22 ,0.12 NC
RI–GluR3 flop 0.20 ,0.42 NC
RI–total flip 0.79 ,0.22 NC
RI–total flop 20.42 ,0.34 NC

Statistical analyses of data obtained from individual cells. U 5 =(n 2 1) rs, follows
the distribution of Laplace–Gauss. rs, Spearman rank linear correlation coefficient;
p, significance level. NC, not correlated.
a n 5 27.
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stants were associated with fast recoveries from desensitization
and vice versa. Typical examples are shown in Figure 3, A and B.
The FS cell of Figure 3A had fast desensitizing (t 5 1.56 msec)
and slow resensitizing AMPAR currents (t50% 5 89 msec). Con-
versely, the RSNP cell of Figure 3B had slow desensitizing (t 5
6.24 msec) and fast resensitizing AMPAR currents (t50% 5 20
msec). However, in 5 of 24 RSNP neurons, we observed the
opposite t–t50% relationships. Figure 3C shows one of the three
RSNP neurons with fast kinetics of desensitization (t 5 2.66
msec) and fast kinetics of recovery from desensitization (t50% 5
37 msec). In contrast, Figure 3D illustrates one of the two RSNP
neurons that presented a slow desensitization (t 5 7.32 msec) and
a slow recovery from desensitization (t50% 5 92 msec). Indeed,
when data obtained from FS cells, which constitute a relatively
homogeneous population of cells as compared with RSNP cells,

were removed from the statistical analysis, the t–t50% correlation
disappeared (Spearman test; p , 0.11). In contrast, the RI–g (two
permeation properties) correlation was little affected by the same
operation (from U 5 22.81, p , 0.01 to U 5 22.16, p , 0.02;
Table 2). These data indicate that desensitization and recovery
from desensitization of native AMPARs can be controlled
independently.

Molecular diversity of AMPARs in nonpyramidal cells
Because in our sample of nonpyramidal cells 23 of 27 molecularly
analyzed cells corresponded to RSNP neurons, we did not dif-
ferentiate the data of FS and RSNP cells. Quantification of the
different GluR subunits mRNAs indicated that GluR3 and GluR2
were expressed predominantly, whereas GluR4 was observed
rarely (GluR1, 24%; GluR2, 36%; GluR3, 39%; GluR4, 1%; see

Figure 3. Desensitization and recov-
ery from desensitization of AMPARs
in individual cells. Left, Averaged re-
sponses of excised patches elicited by
step glutamate application. The cur-
rent decay was fit by a single expo-
nential function shown superimposed
to the averaged current. Right, Plot of
the ratio of current 2/current 1
against time, obtained by applying
pairs of 1 msec pulses of glutamate
separated by increasing time intervals
(from 5 to 350 msec). A, Patch excised
from an FS neuron. Note the fast de-
sensitization (t 5 1.56 msec; average
of six responses) and the slow recov-
ery from desensitization (t50% 5 89
msec). B, Patch excised from an
RSNP neuron with a slow desensiti-
zation (t 5 6.24 msec; average of 11
responses) and a fast recovery from
desensitization (t50% 5 20 msec). C,
Patch excised from an RSNP neuron
with fast desensitization (t 5 2.66
msec; average of 10 responses) and
fast recovery from desensitization
(t50% 5 37 msec). D, Patch excised
from an RSNP neuron. Note the slow
desensitization (t 5 7.32 msec; aver-
age of 25 responses) and the slow
recovery from desensitization (t50% 5
92 msec).
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Fig. 4). In our sample the overall abundance of flop variants
(47%) was equivalent to that of flip variants (53%; right bars in
Fig. 4). However, GluR1 and GluR2 were predominantly flop (73
and 63%, respectively; filled bars in Fig. 4), whereas GluR3 was
mostly flip (82%; hatched bar in Fig. 4). Moreover, the flip/flop
proportion widely varied from one cell to another: among the 27
cells analyzed, 11 expressed .80% of the flop form and 12
expressed .80% of the flip form. In addition, splicing for each
subunit appeared to be regulated independently in single cells
(for instance, in the cell of Fig. 1, GluR1 and GluR2 were flop,
whereas GluR3 was flip; in another cell, GluR1 was flop, whereas
GluR2 and GluR3 were flip). In our sample the mean number of
GluR1–4 flip/flop subunits expressed per cell was 2.7 6 1.4.

Because the edition at the R/G site predominantly affects the
recovery from desensitization of AMPARs (Lomeli et al., 1994),
the R/G quantification was performed only on cells for which we
could measure this electrophysiological parameter (n 5 14). We
observed that 11 of 14 neurons presented GluR2–4 subunits
mRNAs edited at 100%. In two other cells the proportion of the
GluR2–4 edited subunits was also high, with values of 91 and
83%. The remaining cell showed a low proportion of edition (7%;
data not shown).

Statistical analyses showed that the expression of GluR3 was
negatively correlated with those of GluR2 and GluR1 ( p , 0.001
and p , 0.04, respectively; Table 2). In other words, high levels of
GluR3 were found in cells with low GluR2 (or low GluR1) and
vice versa. No correlation was found between GluR2 and GluR1
(Table 2).

Correlation between molecular and functional
properties of AMPARs in nonpyramidal cells
We found a positive correlation between the RI and the relative
abundance of GluR2 ( p , 0.01; Table 2). The RI was negatively
correlated with the relative abundance of GluR3 mRNAs ( p ,
0.03; Table 2). Thus, high levels of GluR2 (or low GluR3) were
correlated with linear I–V curves and low levels of GluR2 (or high

GluR3) with inwardly rectifying I–V curves. It must be noted that,
in our sample, the expression of GluR3 was negatively correlated
with that of GluR2 (see above). No correlation was found be-
tween RI and GluR1 (the correlation with GluR4 was not exam-
ined because this subunit was found only in two cells).

We also found a positive correlation between t and the relative
abundance of GluR2 ( p , 0.04; Table 2), slower kinetics of
desensitization usually being found in cells with high GluR2. This
correlation was even better with GluR2 flip ( p , 0.025; Table 2).
In contrast with RI, no correlation was found between t and
GluR3 (Table 2).

No other significant correlation could be found between func-
tional properties and mRNA subunit expression. In particular, the
desensitization time constants and the flip/flop ratio or the R/G
editing were not correlated (Table 2). For instance, two cells
(data not shown) having desensitization time constants in the
same range (t, 5.95 and 7.81 msec) and similar GluR1–4 compo-
sition (R1, 38.9 and 49.1%; R2, 48.7 and 38.6%; R3, 12.4 and
12.3%) had opposite flop percentages (87.6 and 0%). On the
other hand, two other cells (data not shown) having similar flop
percentages (96.1 and 84.5%) and similar GluR1–4 composition
(R1, 27.1 and 20.7%; R2, 68.2 and 69.4%; R3, 4.7 and 9.9%) had
very different desensitization time constants (t, 2.85 and 12.2
msec). These two examples suggest that, in addition to the subunit
composition, other factors such as protein phosphorylation may
regulate the AMPAR kinetics.

Similarly, recovery from desensitization and AMPAR subunits
edition was not correlated (Table 2).

We did not estimate the correlation between the single-channel
conductance of AMPARs and subunit composition, because this
electrophysiological parameter was determined in only 7 of the 27
cells for which the AMPAR mRNAs were studied.

Permeation and kinetics are independent properties in
native AMPARs
The correlation of one molecular parameter (GluR2) to both RI
and t in our sample of neurons suggested that permeation and
kinetic properties of AMPARs could be correlated. Indeed, when
we statistically analyzed t and RI from individual patches, we
observed a positive correlation between these two parameters
( p , 0.001; Table 2). Similarly, we found that t and g on one hand
and RI and t50% on the other hand were negatively correlated
( p , 0.02 and p , 0.01, respectively; Table 2). These results
indicated that permeation and kinetic properties of AMPARs
usually are coupled in our cell sample in a range going from fast
desensitization–strong rectification to slow desensitization–lin-
ear I–V curve. It further suggested that they might be controlled
by the same molecular determinant, GluR2.

However, the plot of t versus RI (Fig. 5) showed a large
diversity of relations between the permeation and the kinetic
properties of native AMPARs. For example, the data included in
the rectangle show the variations of the RI (between 0.23 and
1.19) for desensitization time constants between 6 and 7 msec.
Similarly, a large variability of t (between 3.46 and 18.4 msec) is
found for RI between 0.85 and 1.05. Furthermore, when data
obtained from FS cells, which constitute a relatively homoge-
neous population of cells as compared with RSNP cells (open and
filled circles, respectively, in Fig. 5), were removed from the
statistical analysis, the t–RI correlation dramatically decreased
(from U 5 4.53, p , 0.001 to U 5 1.86, p , 0.04; Table 2). A
similar decrease in the coefficient of correlation was exhibited by
the t–g and RI–t50% correlations (Table 2). In contrast, as ob-

Figure 4. Relative abundance of GluR1–4 flip/flop in nonpyramidal
neurons. Shown are mean proportions of GluR1–4 subunits found in 27
nonpyramidal neurons (23 RSNP cells and 4 FS cells). GluR2 and GluR3
mRNAs were expressed predominantly (GluR1, 24 6 28%; GluR2, 36 6
36%; GluR3, 39 6 39%; GluR4, 1 6 4%). Average percentages of flip
(53 6 43%) and flop (47 6 43%) variants are indicated by hatched and
filled bars, respectively. The two bars on the right represent the total
percentages of flip and flop variants calculated from flip and flop propor-
tions of each subunit.
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served above, the RI–g (two permeation properties) correlation
was affected little by the same operation. The statistical correla-
tion between permeation and kinetic AMPAR properties ob-
tained in our sample therefore seemed to reflect a cell type-
dependent rather than a structure–function-dependent coupling.

In support of this view, analysis of individual cases revealed
that permeation and kinetic properties can be controlled inde-
pendently. The t–RI correlation found in our sample predicts
functional behaviors exemplified in Figure 6, A and B, showing an
FS cell that displayed fast desensitizing (t 5 3.41 msec) and
strongly rectifying (RI 5 0.12) currents and an RSNP cell that
displayed slowly desensitizing (t 5 10.1 msec) and nonrectifying
(RI 5 1.00) currents, respectively. However, AMPAR responses
from 11 of 49 RSNP neurons showed the opposite behaviors. The
cell of Figure 6C displayed slowly desensitizing (t 5 9.69 msec)
and strongly rectifying (RI 5 0.36) currents. This type of AM-
PAR response was found in seven cells (mean t 5 8.26 6 2.71
msec; mean RI 5 0.32 6 0.08). In contrast, the cell of Figure 6D
displayed fast desensitizing (t 5 2.66 msec) and weakly rectifying
(RI 5 0.59) currents. This type of AMPAR response was found
in four cells (mean t 5 3.21 6 0.56 msec; mean RI 5 0.84 6 0.31).
These results indicate that desensitization and rectification of
AMPARs can be controlled independently and thus do not have
the same molecular determinants.

DISCUSSION
The present study of neocortical nonpyramidal cells confirms that
the permeation properties of native AMPARs (i.e., voltage de-
pendence and single-channel conductance) are regulated by the
relative expression of the GluR2 subunit. In contrast, the regula-
tion of kinetic properties could not be attributed to any of the
single molecular determinants considered, suggesting more com-
plex structure–function relationships. Native AMPARs showed
functional behaviors in which kinetic properties or kinetic and
permeation properties varied independently. The diversity of
native AMPARs supports the view that their permeation and
kinetic properties are coupled in a cell type-dependent manner
but do not have the same molecular determinant.

Molecular properties of AMPARs in nonpyramidal cells
All of the GluR1–4 subunits, except GluR4 flop, were found to be
expressed in our sample of molecularly analyzed nonpyramidal
cells, mostly constituted by RSNP neurons. The mean number of
subunits expressed per cell was 2.7, intermediate between those
reported for FS and pyramidal cells in the neocortex (3.3 and 2.3,
respectively; Lambolez et al., 1996). Similarly, the proportion of
GluR2 was intermediate between those reported for FS and
pyramidal cells (Jonas et al., 1994; Lambolez et al., 1996). How-
ever, the predominant expression of GluR3 indicates that RSNP
cells expressed AMPARs different from those of FS or pyramidal
cells. Indeed, FS neurons are characterized by a high relative
abundance of GluR1 mRNAs (Jonas et al., 1994; Lambolez et al.,
1996) [see also Kondo et al. (1997), where GluR1 is found
colocalized with parvalbumin, an FS cell marker], whereas pyra-
midal neurons express a high proportion of GluR2 (Jonas et al.,
1994; Lambolez et al., 1996).

Although in our sample of neurons we found equivalent
amounts of flip and flop forms, predominant expression of one
form was observed in most individual cells. Because at the devel-
opmental stage used in the present work (13- to 17-d-old rats) the
flip/flop variants ratio has reached its adult level (Monyer et al.,
1991), our data confirm that the expression of flip/flop subunit
proportions is cell type-dependent (Lambolez et al., 1992, 1996;
Bochet et al., 1994; Jonas et al., 1994; Geiger et al., 1995).
Moreover, the comparison between the flip/flop expression of the
different subunits at the single-cell level confirms that splicing is
regulated independently for each subunit (Lambolez et al., 1992).

Consistent with developmental studies of the GluR2–4 sub-
units R/G edition (Lomeli et al., 1994), we found that, in our
sample, GluR2–4 subunits were predominantly edited. In indi-
vidual cells all subunits were either almost fully edited or uned-
ited. This may indicate that, in contrast with the flip/flop splicing,
the R/G editing is not regulated independently for each subunit.

Permeation properties of AMPARs
The wide range of RI values observed is reminiscent of similar
results obtained on hippocampal nonpyramidal neurons (Isa et
al., 1996). The mean RI value obtained in our sample (0.55) was
intermediate between that of our FS cells (0.23) and the RI values
reported for hippocampal pyramidal neurons (mostly above 1; see
Isa et al., 1996). Similarly, g values varied from those reported for
FS cells to those reported for pyramidal cells (Hestrin, 1993). The
average of g in our population of FS neurons (26 pS) is similar to
that previously reported for this cell type (27 pS, Hestrin, 1993).
For both permeation properties the FS cells appeared to form a
homogeneous population, as compared with RSNP cells.

A negative correlation was found between RI and g, suggesting
that these permeation properties are both controlled by the same
molecular determinant. Consistent with numerous reports, the
positive correlation we found between RI and the relative abun-
dance of GluR2 indicates that this subunit regulates both of these
permeation properties. Indeed, the role played by the GluR2
subunit in the rectification of AMPAR currents is well estab-
lished in heterologous expression systems (for review, see Holl-
mann and Heinemann, 1994; Jonas and Burnashev, 1995) and for
native receptors (Bochet et al., 1994). Similarly, the mean single-
channel conductance of recombinant AMPARs is determined by
the relative abundance of the GluR2 subunit (Swanson et al.,
1997). The negative correlation between RI and the predomi-
nantly expressed GluR3 subunit observed in our sample of cells

Figure 5. Desensitization and rectification properties of AMPARs in FS
and RSNP neurons. Desensitization time constants and RI were plotted
for each cell. Open circles, FS neurons; filled circles, RSNP neurons. The
points located inside the rectangle show the large variability of RI found for
desensitization time constants of 6–7 msec.
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also confirms that permeation properties are regulated by the
ratio GluR2/GluR1, 3, 4.

The relative abundance of GluR2 also determines another
permeation property of AMPARs, their calcium permeability
(for review, see Hollmann and Heinemann, 1994; Jonas and
Burnashev, 1995) [see also Jonas et al. (1994) and Geiger et al.

(1995) for native receptors]. From the present study and previous
reports it can be inferred that the relative abundance of GluR2 in
the neural cell types analyzed so far determines AMPARs for
which the permeation properties vary from high g–high calcium
permeability–low RI (neocortical FS cell type) to low g–low
calcium permeability–high RI (pyramidal cell type).

Figure 6. Desensitization and rectification properties of AMPARs in individual cells. Left, Averaged responses of excised patches elicited by step
glutamate application. The current decay was fit by a single exponential function shown superimposed to the averaged current. Right, I–V curves of
glutamate-induced responses. The points were fit by third- or fourth-order polynomials. A, Patch excised from an FS neuron. Note the fast desensitization
(t 5 3.41 msec; average of 35 responses) and the inward rectification of the I–V curve (RI 5 0.12 and Erev 5 22 mV). B, Patch excised from an RSNP
neuron. Note the slow desensitization (t 5 10.1 msec; average of 25 responses) and the linear I–V curve (RI 5 1.00 and Erev 5 26 mV). C, Patch excised
from an RSNP neuron. Note the slow desensitization (t 5 9.69 msec; average of 11 responses) and the inward rectification of the I–V curve (RI 5 0.36
and Erev 5 25 mV). D, Patch excised from an RSNP neuron. Note the fast desensitization (t 5 2.66 msec; average of 10 responses) and the approximately
linear I–V curve (RI 5 0.59 and Erev 5 25 mV).
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Kinetic properties of AMPARs
In our sample desensitization values ranged from the fastest
reported (medial nucleus of the trapezoid body cells) to the
slowest reported (Hilar mossy cells), using 1 mM glutamate ap-
plications (1.7 and 16.3 msec, respectively; Geiger et al., 1995).
Most of this variability was attributable to RSNP neurons, FS
neurons always showing fast desensitization. In a previous study
neocortical pyramidal and FS neurons displayed AMPARs with
slow and fast recovery from desensitization, respectively (Hestrin,
1993). Here we observed that, in both FS and RSNP cells, t50%

values widely varied between these two extremes.
The negative correlation observed between t and t50% (fast

desensitization generally being associated with slow recovery and
vice versa) dramatically decreased when data of FS neurons were
removed from statistical analyses. Indeed, we found individual
RSNP cells with either fast desensitization–fast recovery or slow
desensitization–slow recovery, as previously reported for other
cell types (Colquhoun et al., 1992; Raman and Trussell, 1995).
Together, these observations suggest that these two kinetic prop-
erties of AMPARs can be controlled independently and probably
do not have the same molecular determinants.

In heterologous expression systems the flip/flop splicing affects
the kinetic properties of recombinant AMPARs (Sommer et al.,
1990; Lomeli et al., 1994; Mosbacher et al., 1994; Partin et al.,
1994). Comparison between neocortical FS and pyramidal cells
also suggested that native AMPARs kinetics similarly are af-
fected by the flip/flop splicing (Lambolez et al., 1996). However,
as observed in a similar study comparing native AMPARs of a
broad cell types sample (Geiger et al., 1995), we did not find any
correlation between these molecular and functional properties. In
agreement with Geiger et al. (1995), we therefore propose that
the flip/flop splicing is not the principal molecular determinant
controlling the kinetic properties of native AMPARs.

Recombinant studies have suggested that recovery from desen-
sitization of AMPARs is controlled by the R/G site edition
(Lomeli et al., 1994). Although the number of cells analyzed for
that molecular property in the present study (n 5 14) does not
allow us to reject this hypothesis, the absence of correlation
between t50% and editing suggests that recovery from desensiti-
zation of native AMPARs is not controlled primarily at that site.

As also found in a previous work (Geiger et al., 1995), we
observed a positive correlation between desensitization time con-
stants and the relative abundance of GluR2, suggesting a corre-
lation between kinetic and permeation properties. Consistent
with this hypothesis we also found a positive correlation between
t and RI. From this correlation native AMPAR properties are
expected to range from fast desensitization–strong rectification
to slow desensitization–linear I–V curve. However, when data
from the homogeneous population of FS neurons were removed
from statistical analyses, the significance of this correlation dra-
matically decreased. Moreover, analyses of individual RSNP cells
showed that, in 11 of 49 neurons, the t–RI relationship was
opposite to that expected from the correlation found on our
whole nonpyramidal cell sample. Indeed, seven cells displayed
AMPAR currents with slow desensitization and marked inward
rectification, and four cells displayed AMPAR currents with fast
desensitization and weak rectification, as also reported for nigral
GABAergic neurons (Götz et al., 1997). Overall, these data
indicate that the permeation and the kinetic properties of native
AMPARs can be controlled independently and thus do not have

the same molecular determinant. GluR2 therefore does not ap-
pear to determine dominantly the native AMPAR kinetics.

In heterologous expression systems many molecular determi-
nants have been shown to affect AMPAR kinetics: the subunit
composition, the alternative flip/flop variants, and the mRNA
edited at the R/G site of subunits GluR2–4 (Sommer et al., 1990;
Lomeli et al., 1994; Mosbacher et al., 1994; Partin et al., 1994).
Our data, together with these studies, are consistent with the view
that multiple determinants regulate the desensitization of AM-
PARs. Comparisons between individual cells even suggest that
additional molecular determinants, such as protein phosphoryla-
tion, also might regulate AMPAR kinetics. This, indeed, would
explain the absence of correlation between kinetics and individ-
ual molecular parameters in native AMPARs.

Cell type-dependent regulations of AMPAR kinetic and
permeation properties
Heterologous expression studies have demonstrated that the fine
tuning of AMPAR properties can result in a large variability of
functional patterns. Despite cell to cell variations in their
GluR1–4 expression, cell types express distinct mean GluR1–4
combinations and display AMPARs with relatively homogeneous
functional properties. Among neocortical neurons FS cells ex-
press AMPARs with fast desensitization, inwardly rectifying I–V
curves, high calcium permeability, and large mean single-channel
conductances, whereas pyramidal cells exhibit AMPARs with
opposite properties. In contrast, RSNP cells form a highly heter-
ogeneous population (Kawaguchi and Kubota, 1993; Kawaguchi,
1995; Cauli et al., 1997) and display wide variations of AMPAR
kinetic and permeation properties, resulting in various functional
patterns. In most of neuronal populations investigated in previous
studies, kinetic and permeation properties of native AMPARs
were found to vary in a range going from fast desensitization–
inward rectification to slow desensitization–no rectification. In
RSNP neurons we observed two other types of native AMPARs
characterized by fast desensitization–no rectification or slow de-
sensitization–inward rectification. Overall, the studies of native
AMPARs suggest that their properties are regulated indepen-
dently according to cell type-specific functions.
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