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Single-Channel Properties of Recombinant AMPA Receptors
Depend on RNA Editing, Splice Variation, and Subunit Composition
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Non-NMDA glutamate receptor subunits of the AMPA-
preferring subfamily combine to form ion channels with heter-
ogeneous functional properties. We have investigated the ef-
fects of RNA editing at the Q/R site, splice variation of the
“flip/flop” cassette, and multimeric subunit assembly on the
single-channel conductance and kinetic properties of the re-
combinant AMPA receptors formed from GIuR2 and GluR4
expressed in HEK 293 cells. We found that AMPA receptor
single-channel conductance was dependent on the Q/R site
editing state of the subunits comprising the channel. Calcium-
permeable (unedited) channels had resolvable single-channel
events with main conductance states of 7-8 pS, whereas fully

edited GIuR2 channels had very low conductances of ~300 fS
(estimated from noise analysis). Additionally, the flip splice
variant of GluR4 conferred agonist-dependent conductance
properties reminiscent of those found for a subset of AMPA
receptors in cultured cerebellar granule cells. These results
provide a description of the single-channel properties of certain
recombinant AMPA receptors and suggest that the single-
channel conductance may be determined by the expression of
edited GIuR2 subunits in neurons.
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channel conductance; RNA editing; alternative splicing; patch-
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Non-NMDA receptors mediate fast excitatory synaptic transmis-
sion at glutamate synapses in the mammalian CNS. Cloning
techniques have led to the identification of nine non-NMDA
receptor genes (Hollmann and Heinemann, 1994), which have
been separated into AMPA-preferring (GluR1-4 or GluRA-D)
and kainate-preferring (GluR5-7, KA-1, and KA-2) subfamilies
on the basis of structural and functional similarities. AMPA
receptor subunits have two splice variants (“flip” and “flop,”
denoted by “i” and “0”), which differ by seven residues in a 38
amino acid cassette between the third and fourth putative trans-
membrane domains (Sommer et al., 1990). Furthermore, gene
splicing can give rise to alternative C-terminal sequences (Gallo et
al., 1992; Kohler et al., 1994). These isoforms can differ in their
pharmacological properties as well as their desensitization kinet-
ics (Mosbacher et al., 1994; Partin et al., 1995). Whether the
flip/flop variation affects single-channel properties is unknown.
RNA editing creates further diversity among non-NMDA re-
ceptor subunits, which show single positions occupied by one of
two amino acids. For AMPA subunits, these are the “Q/R” and
“R/G” sites (Sommer et al., 1991; Lomeli et al., 1994; for review,
see Seeburg, 1996). Single nucleotide editing of AMPA and
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kainate receptor subunits at the codon for the Q/R site of the
receptor involves the replacement of a glutamine by an arginine in
the pore-lining region (M2) of GluR2, -5, and -6 (Sommer et al.,
1991). This results in a reduction of the calcium permeability
(Hume et al., 1991; Burnashev et al., 1992) accompanied by a loss
of sensitivity to intracellular polyamines, which confer inward
rectification on these receptors (Bowie and Mayer, 1995; Kamboj
et al., 1995; Koh et al., 1995). Furthermore, Q/R site editing
reduces the single-channel conductance of kainate receptors by as
much as 25-fold (Swanson et al., 1996). The finding that GluR2
mRNA is completely edited at birth (Sommer et al., 1991) and
that the expression level of GluR2 subunits controls the calcium
permeability of AMPA receptors within certain cell types (Geiger
et al., 1995; Jonas and Burnashev, 1995) has provided a further
stimulus to understanding the effect of Q/R site editing on the
single-channel properties of AMPA receptors.

To investigate this further and to obtain clues about the subunit
composition of native AMPA receptor channels, we have exam-
ined the single-channel properties of combinations of GluR2 and
GluR4 subunits. These receptors were of interest, because non-
NMDA channels in cerebellar granule cells, which have been
described in detail (Cull-Candy et al., 1988; Wyllie et al., 1993),
probably arise from these subunits (Monyer et al., 1991; Mos-
bacher et al., 1994). We have found that the single-channel
conductance is relatively high for calcium-permeable AMPA re-
ceptors but lower for calcium-impermeable channels containing
edited subunits. Furthermore, heteromeric channels formed by
coexpression of the unedited form of GluR2 [GluR2Q(0)], to-
gether with GluR4(i), had a markedly higher conductance than
GluR2R(0)/GluR4(i) channels. These results strongly suggest
that one consequence of Q/R site editing is a reduction in the
conductance of AMPA receptors. Finally, our results have iden-
tified at least two recombinant channels whose single-channel
properties correspond closely to those of native non-NMDA
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Table 1. Conductance properties of recombinant AMPA receptors formed from GluR2 and GluR4

Unedited Edited
Receptor Conductance (pS) Agonist Receptor Conductance (pS) Agonist
GluR4Q(i) 7/16/27 AMPA GluR2R(i) 0.21* AMPA
8/15/24 Glutamate 0.36* Glutamate
2.5% Kainate 0.45* Kainate
GluR4Q(o) 4.0* Kainate GluR2R(0) <0.3* Kainate
GluR2Q(0)/4Q(i) 7/15/24 AMPA GluR2R(0)/4Q(i) 4/9 AMPA
8/17/26 Glutamate 4/10 Glutamate
- - - GluR2R(1)/4Q(1) 4/8 AMPA
~4/10 Glutamate
0.50* Kainate
- - - GluR2R(1)/4Q(0) 1.0* Glutamate

Single-channel conductance values were obtained either from time-course fitting or noise analysis (indicated by asterisk) when channel events were too small to be resolved

directly.

channels found in cerebellar granule cells (Cull-Candy et al., 1988;
Wyllie et al., 1993). This suggests that analysis of single-channel
properties of recombinant AMPA receptors can be useful in
determining the subunits constituting native receptors and ex-
tends earlier work examining macroscopic properties of recombi-
nant channels (Seeburg, 1993; Hollmann and Heinemann, 1994;
Lomeli et al., 1994; Mosbacher et al., 1994).

MATERIALS AND METHODS

Maintenance and transfection of HEK 293 cells. HEK 293 cells were
cultured in DMEM/F12 (Life Technologies, Gaithersburg, MD) with
10% heat-inactivated fetal bovine serum, 50 ug/ml penicillin, and 50
ung/ml streptomycin. One day before transfection, cells were replated on
11 mm glass coverslips coated with 100 wg/ml poly-L-lysine and 50 wg/ml
fibronectin (Sigma, Dorset, UK). Transfections were carried out using a
standard CaPO, protocol (Chen and Okayama, 1987) with 0.5 pg plasmid
DNA/well for 3-6 hr at 37°C. Transfected cells were allowed to grow for
1-3 d before use. All cDNAs were harbored in a CMV promoter-
containing vector. In addition to AMPA receptor subunits, some cells
were cotransfected with cDNA for the cell-surface marker protein CDS.
Before patch-clamp recordings, cells were exposed to polystyrene beads
coated with an antibody to CD8 (Dynal, Great Neck, NY), allowing visual
detection of transfected cells.

Electrophysiology. Patch-clamp recordings were made with an Axopatch
200A amplifier (Axon Instruments, Foster City, CA). Patch pipettes were
pulled from thick-walled glass (Clark Electromedical GC150F-7.5, Pang-
bourne, UK), coated with Sylgard 184 resin (Dow Corning, Midlands,
MI), and fire-polished to a final resistance of 10-15 MQ for outside-out
patch recordings and 7-8 MQ for whole-cell recordings. The pipette
solution contained (in mm): 110 CsF, 30 CsCl, 4 NaCl, 0.5 CaCl,, 10
HEPES, 5 EGTA, adjusted to pH 7.3 with CsOH. The external bathing
solution contained (in mm): 150 NaCl, 2.8 KCl, 1.0 CaCl,, 1.0 MgCl,, 10
Na-HEPES (pH was adjusted to 7.3 with NaOH). Currents were recorded
on digital audio tape (DTR-1204; BioLogic, Claix, France). Drugs were
applied by local perfusion of the recording chamber. Kainate, AMPA,
and glutamate were purchased from Tocris Cookson (Bristol, UK).
Cyclothiazide (CZD) was a gift from Eli Lilly.

Data analysis. Single-channel records were filtered at 2 kHz (-3 dB,
8-pole Bessel) and digitized at 20 kHz (1401-plus interface, CED Ltd.,
Cambridge, UK), and individual currents were fitted by the step-response
function of the recording system using the time-course fitting procedure
(SCAN; Colquhoun and Sigworth, 1995). Mean unitary current ampli-
tudes were determined from maximum likelihood fits of Gaussian distri-
butions. Only openings longer than 1.5 or 2 filter rise-times (7,) were
included in the amplitude distributions to minimize the inclusion of false
events. Open-time distributions of individual amplitudes were deter-
mined from the time-course fitting of channel openings. The resolution of
openings was set to 150-200 usec for GluR4(i) and GluR2Q(0)/4(i)
records and 300-500 usec for GluR2(i)/4(i) and GluR2(0)/4(i) records.
All sublevel amplitudes were included in kinetic analyses. Shut-time
distributions were generated from the time-course fitted data to calculate

a critical gap length, 7.;,. Bursts of openings were defined as activations
separated by shut-times shorter than ¢ ;, (typically 1-3 msec), which was
calculated from components of the shut-time distribution. The ¢_,;, values
included an equal number of gaps misclassified as within bursts and gaps
misclassified as between bursts (Colquhoun and Sigworth, 1995). Higher-
order activation clusters were not analyzed.

For spectral analysis of steady-state current responses, current records
were high-pass-filtered at 0.2 Hz, low-pass-filtered at 2 kHz (-3 dB,
8-pole Butterworth), and digitized at 4 kHz (CED 1401 plus interface).
Noise analysis was generally restricted to patches that gave a current
response of >0.5 pA. Digitized records were split into sections 1/f,. in
length (with f,., being 1 or 2 Hz) and edited to remove artifacts. Noise
spectra were fitted with the sum of two Lorentzian components according
to the relation G(f) = G,(0)/{1 + (fIf-1)*} + G»(0)/{1 + (fIf..)*}, where
G,(0) and G,(0) are the spectral densities at the zero frequency asymp-
tote for the two Lorentzian components, f'is the frequency, and f; and f,
are the corner frequencies for the fast and slow components, respectively.
The contribution to the variance of each component was described by
variance = G(0)f.m/2.

RESULTS

We have examined homomeric and heteromeric AMPA receptors
expressed in HEK 293 cells transfected with flip (i) and flop (o)
isoforms of GluR2 and GluR4 subunits. Receptors that gave
discrete channel openings in outside-out patches [GluR4(i),
GluR2(i)/4(i), GluR2(0)/4(i), and GluR2Q(0)/4(i)] were exam-
ined in detail using time-course fitting (Colquhoun and Sigworth,
1995), whereas those receptors that were poorly responsive or had
a very small conductance [GluR2(i), GluR2(0), GluR4(0), and
GluR2(i)/4(0)] were examined using noise analysis. The conduc-
tance estimates obtained for these receptors are summarized in
Table 1.

Homomeric receptors

GIluRA4(i) receptors exhibit agonist dependence of
single-channel conductance

To examine the single-channel properties of a calcium-permeable
AMPA receptor, we expressed GluR4(i) subunits in HEK 293
cells and applied agonists to isolated patches. Figure 14 compares
the current noise evoked by 300 um kainate, 100 um glutamate,
and 5 uMm AMPA in outside-out patches from GluR4(i)-
transfected cells. For macroscopic currents of similar amplitude,
AMPA (5-20 um) consistently produced a larger noise increase
than kainate (100-300 um) or glutamate (50-300 um), suggesting
a difference in the underlying channel conductance. Furthermore,
single-channel events could be resolved readily in the presence of
glutamate and AMPA, but were rare or difficult to detect during
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Figure 1. Agonist-dependent conductances of the homomeric GluR4(i)

receptor. A, Current noise in control solution and in the presence of
kainate, glutamate, and AMPA from outside-out patches of HEK 293 cells
expressing GluR4(i). Mean inward currents activated by the three agonists
are similar in amplitude and illustrate the difference in noise variance. The
calibration is the same for all the responses (0.5 pA, 500 msec). B, Noise
spectrum for currents activated by 100 uMm kainate. The spectrum was fit
to two Lorentzian components (dashed lines), as detailed in Materials and
Methods. The conductance (y) obtained from this spectrum was 2.0 pS.
The corner frequencies were 30 and 395 Hz. C, Noise spectrum for
currents activated by 10 um AMPA. The vy obtained from this spectrum
was 5.8 pS, and corner frequencies were 26 and 280 Hz. The holding
potential was —80 mV.

the kainate noise increase. Coapplication of CZD with the ago-
nists suppressed desensitization (Partin et al., 1995) and potenti-
ated the current, in some cases revealing responses that were
otherwise undetectable.

Because the kainate-activated channel events could not be
directly resolved in patches, we used spectral analysis of kainate-
evoked current noise to examine the channel conductance (Fig.
1B,C). This gave a single-channel conductance estimate of y(kai-
nate) = 2.5 = 0.8 pS (n = 5). There was no detectable difference
in either the conductance or the cut-off frequencies when kainate
was applied with CZD, so we have pooled the data from these
responses. In comparison, spectral analysis of AMPA current
noise gave a conductance estimate of y(AMPA) = 5.5 = 0.5 pS
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(n = 6). These conductances were significantly different (unpaired
t test, p < 0.05). Kainate spectra were well fitted with the sum of
two Lorentzian components, with time constants for the fast and
slow components of 7., = 13.5 * 4.0 and 7, = 0.25 = 0.05
msec [obtained from the cut-off frequencies f, according to 7 =
1/(2nf.)]; for AMPA these were 7, = 11.5 = 5.7 and 7, =
0.52 = 0.17 msec. The 7 values were not significantly different for
the two agonists; however, the proportion of the noise variance
carried by the fast component in the spectra was significantly
larger for kainate (92.7 = 6.9%) than for AMPA (67.2 = 2.3%).
Currents evoked by glutamate gave an estimated conductance of
3.2 pS (in two patches). Furthermore, estimates of spectral pa-
rameters were not appreciably altered by reduced filtering of the
noise (increasing the low-pass filtering to 5 kHz; data not shown).
Whole-cell recordings gave similar conductance values for these
agonists, indicating that patch excision did not markedly alter the
mean single-channel conductance. Thus, the estimated channel
conductance of homomeric GluR4(i) receptors seemed to depend
on the agonist used. It has been shown previously that although
the kinetic properties of ligand-gated ion channels are agonist-
dependent, the single-channel conductance is usually independent
of the agonist (Barker and Mathers, 1981; Cull-Candy et al., 1981;
Gardner et al., 1984). To investigate this phenomenon further, we
examined directly resolved single-channel currents of GluR4(i)
homomeric receptors in isolated patches.

Figure 24 shows responses to the three agonists on a fast time
base. Kainate typically activated a noise increase in patches, with
occasional brief channel events superimposed on the channel
noise. These events were too infrequent to permit detailed single-
channel analysis. In contrast, AMPA and glutamate activated
brief, discrete channel openings to multiple conductance levels
(Fig. 2A). Previous studies on native AMPA receptors have also
reported an apparently higher conductance when AMPA rather
than kainate is used as the agonist (Jonas and Sakmann, 1992;
Wyllie et al., 1993). Time-course fitting of the openings produced
by AMPA and glutamate gave amplitude distributions that were
best-fitted with three Gaussian components (for both glutamate
and AMPA), as shown in Figure 2, B and C. The mean amplitudes
of the multiple conductance levels activated by AMPA (and their
relative proportions) were 6.5 * 0.2 (83.6%), 15.7 = 0.5 (12.5%),
and 26.7 = 1.1 pS (3.9%) (n = 8). For glutamate, the correspond-
ing levels were 7.6 = 0.4 (74.0%), 15.1 £ 0.6 (17.9%), and 23.5 *
0.7 pS (8.1%) (n = 6). The presence of transitions between
conductance levels, and openings to the larger levels directly from
the baseline (without apparent inflection), suggested that the
different levels arose from a single type of receptor channel with
multiple conductance states. Unlike the response to kainate, nei-
ther AMPA (5-20 um) nor glutamate (50-300 pum) produced a
detectable change in the background noise (between resolved
channel activations); however, brief openings that were below the
resolution level imposed on the amplitude distributions (332
usec) were apparent with both AMPA and glutamate and may
account for the difference in single-channel conductance esti-
mates obtained from noise analysis versus time-course fitting of
individual openings.

Kinetic properties of the GIuR4(i) receptor

A kinetic description of the GluR4(i) channel was obtained by
constructing open-time, shut-time, and burst-length distributions
for AMPA- and glutamate-activated channel currents. Figure 34
shows a typical open-time distribution for AMPA-activated
events. These were generally fitted well to a single exponential
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Figure 2. GluR4(i) single channels and amplitude histograms. 4, Baseline noise and single-channel responses elicited by kainate, AMPA, and glutamate
in GluR4(i)-containing patches. A channel-like event superimposed on the kainate-induced noise can be seen in the second trace. The dashed lines indicate
the approximate size of the conductance levels activated by AMPA and glutamate as determined from time-course fitting (see B, C). The holding potential
was —80 mV in each case. B, Amplitude histogram generated by time-course fitting of AMPA-activated events. The distribution was fitted to three
Gaussian components, which gave mean conductance levels of 6, 16, and 27 pS. C, Amplitude histogram generated by time-course fitting of
glutamate-activated events. The distribution was fitted to three Gaussian components, which gave mean conductances of 8, 15, and 24 pS.

with a time constant of 0.20 * 0.01 msec (n = 7). In two patches,
two exponential components were required to obtain an adequate
fit of the distribution; mean time constants (and relative propor-
tions) were 0.21 (95.5%) and 0.80 msec (4.5%). Shut-time distri-
butions were fitted with four or five exponential components,
depending on whether the fastest (<100 usec) component was
resolved adequately. Figure 3B shows a representative shut-time
distribution for AMPA fitted to the sum of four components. The
mean time constants for the shut-time distributions (excluding the
fastest component of five-component fits) were 0.30 = 0.04, 4.0
1.8, 53 = 17, and 254 = 67 msec (n = 7).

The burst-lengths of AMPA receptors, rather than the apparent
open-times, are more relevant to synaptic transmission, because
this is likely to represent the duration of a channel event resulting
from a single activation of a receptor (Colquhoun and Sigworth,
1995). Native AMPA receptors in cerebellar granule cells exhibit
brief bursts, with relatively few openings per burst (resulting in
burst lengths only slightly longer than the duration of individual
openings; Wyllie et al., 1993). We found that recombinant

GluR4(i) receptors demonstrated brief bursts of openings. Bursts
were defined by calculating a critical gap-length (f.,;,) from the
shut-time distributions (see Materials and Methods). Figure 3C
illustrates a representative burst-length distribution for AMPA-
activated events. These were fitted with two exponential compo-
nents, yielding mean time constants of 0.19 * 0.02 (58.6%) and
1.6 = 0.2 msec (41.4%) (n = 7).

For the GluR4(i) receptor, the kinetic properties of
glutamate-activated channel openings were similar to those
activated by AMPA. Figure 3D shows an open-time distribu-
tion of glutamate-activated events; the mean open-time was
0.18 = 0.02 msec (n = 7). Shut-time distributions for glutamate
(usually fitted with four exponential components; Fig. 3E) gave
mean time constants of 0.31 = 0.03, 2.3 = 0.5, 36.8 = 12.1, and
189.5 * 58.8 msec. Glutamate gave burst-length time constants
(Fig. 3F) of 0.12 * 0.01 (69.7%) and 2.9 * 0.3 msec (30.3%)
(n = 7). A comparison of the burst-length distributions for
AMPA and glutamate revealed that the fast component of the
burst-length distribution was significantly slower for AMPA-
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Figure 3. Kinetics of GluR4(i) channel events when activated by AMPA and glutamate. A, Open-time histogram for AMPA-activated events (5 uM). The
distribution was fitted to a single exponential with a time constant of 0.20 msec. B, Shut-time histogram from the same patch as shown in 4. The
distribution is fitted with four exponentials with time constants as shown. C, Burst-length histogram for AMPA-activated events from the same patch as
A. The distribution is fitted to two exponential components. The burst-length time constants were 0.18 and 1.8 msec. D, Open-time histogram for
glutamate-activated events (100 um). The distribution was fitted to a single exponential with a time constant of 0.17 msec. E, Shut-time histogram from
the same patch as shown in A. The distribution is fitted with four exponentials with time constants as shown. F, Burst-length histogram for
glutamate-activated events from the same patch as A. The distribution is fitted with two exponential components. The burst-length time constants were

0.14 and 3.3 msec.

activated events (p < 0.05), whereas the slow component was
significantly slower for glutamate-activated events (p < 0.05).
The means of the fitted burst-lengths were also similar: 0.7 *
0.1 msec (AMPA) and 1.0 = 0.1 msec (glutamate). Both
agonists activated approximately two individual openings per
burst (1.97 = 0.05 for AMPA and 2.32 = 0.23 for glutamate);
this is slightly higher than the number of openings per burst
(1.2) seen for the high-conductance channels in cerebellar
granule cells (Wyllie et al., 1993).

Homomeric edited GIuR2(i) and GIuR2(o) channels have a
femtosiemens conductance

We have found previously that kainate receptors containing
edited subunits have unusually low single-channel conduc-

tances (Swanson et al., 1996). To investigate whether the edit-
ing state of the Q/R site may also influence the single-channel
conductance of AMPA receptors, we initially examined homo-
meric GluR2(i) and GluR2(0) receptors composed entirely of
edited subunits.

Small whole-cell currents were detectable during application of
agonists (with CZD; 30-100 um) to GluR2(i) receptors (Fig. 44).
No currents were detectable in outside-out patches from these
cells. Thus estimates of channel conductance were obtained from
variance analysis of the whole-cell responses. As shown in Figure
4B, this revealed a low single-channel conductance for GluR2(i)
receptors (in the presence of CZD): y(glutamate) = 211 * 59 S
(n = 6), y(kainate) = 454 = 187 fS (n = 3), and y(AMPA) =
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Figure 4. Homomeric GluR2(i) channels have a very low conductance.
A, Whole-cell response activated by 300 uM glutamate in the presence of
30 um CZD from a cell expressing GluR2(i) (arrow indicates application).
B, A current-variance plot (fitted with a linear regression) for a whole-cell
response from a cell expressing GluR2(i). The slope gave a mean conduc-
tance of 313 £S for this cell. The holding potential was —80 mV.

356 = 125 £S (n = 3). These conductances were not significantly
different. Because small variations in the measured DC current
contributed disproportionately to the current variance (the
channel-evoked noise increase was exceptionally small), these
conductance values may be overestimates.

Homomeric GluR2(0) receptors were much less responsive
than GluR2(i) receptors, and isolated cells rarely gave detect-
able whole-cell responses to bath application of agonists. In
large clusters of electrically coupled cells, currents could be
detected on application of AMPA or glutamate (when applied
in the presence of CZD; 100 um), indicating that this subunit
formed functional channels. In three isolated cells in which
glutamate activated a detectable current, however, the noise
increase during agonist application was negligible, indicating
that the conductance of this channel was smaller than that
estimated for GluR2(i), i.e., <300 fS.

To address the idea that RNA editing could alter single-channel
conductance of AMPA receptors, we attempted to express the
unedited form of GluR2(0), GluR2Q(0); however, this subunit
failed to give detectable patch currents when expressed as a
homomer and was therefore expressed heteromerically [with

J. Neurosci., January 1, 1997, 17(1):58-69 63

GluR4(i)] to form a channel that contained only unedited sub-
units (see below).

Heteromeric channels

The majority of AMPA receptors involved in synaptic trans-
mission are likely to be heteromeric assemblies that contain an
edited GluR2 subunit (Jonas and Burnashev, 1995). To deter-
mine whether channel properties may be influenced by the
splice isoform of GluR2, we coexpressed GluR2(i) or GluR2(0)
with GluR4(i) subunits, and GluR2(i) with GluR4(0) subunits.
We also compared the single-channel properties of two types of
GluR2(0)/4(i) heteromeric receptors that differed in the Q/R
site editing of the GluR2(0) subunit. This allowed us to inves-
tigate further the idea that editing influences heteromeric
AMPA receptor single-channel conductance. Certain other
GluR2 and GluR4 permutations could not be investigated in
detail because of poor responsiveness or nearly complete de-
sensitization (see Table 1).

Heteromeric GIuR2/4 assemblies have intermediate

channel conductances

GluR2(i)/4(i) receptors gave discrete channel openings that were
smaller in amplitude than those gated by homomeric GluR4(i)
receptors. Furthermore, for this combination, glutamate-activated
single-channel events were considerably briefer than those gated
by AMPA (Fig. 54) and could not be used to generate amplitude
histograms (>90% of fitted glutamate-activated events were <332
psec in duration). Time-course fitting of the AMPA-activated
events gave amplitude histograms (Fig. 5B) that were best-fitted
with two Gaussian components with conductance levels of 4.0 +
0.2 (91.8%) and 8.1 = 0.4 pS (8.2%) (n = 8). These conductances
were markedly lower than those gated by AMPA at the GluR4(i)
channel, allowing the two receptor species to be distinguished on
the basis of their single-channel conductance. In some experi-
ments, the incorporation of an edited GluR2 subunit into the
receptor complex was verified by the linearity of the current—
voltage relationship in the presence of 100 uM spermine in the
pipette solution (Kamboj et al., 1995).

GluR2(0)/4(i) channels gave small discrete conductance levels
in response to glutamate and AMPA (Fig. 5C). The AMPA-
activated events were similar in amplitude to those gated by
GluR2(i)/4(i) receptors, suggesting that the GIuR2 splice isoform
was not influencing channel conductance when coassembled with
GluR4(i). AMPA-activated events (Fig. 5D) gave amplitude his-
tograms that were again best-fitted with the sum of two Gaussian
curves with conductance levels of 4.3 = 0.2 (85.0%) and 9.4 = 0.6
pS (15.0%) (n = 4). The single-channel currents activated by
glutamate were noticeably longer for GluR2(0)/4(i) than for
GluR2(i)/4(i) channels, and in two patches yielded sufficient data
from time-course fitting to generate amplitude histograms.
Glutamate-activated events had similar conductance levels (4.0
and 9.6 pS).

We analyzed the kinetics of the heteromeric channels by con-
structing open-time histograms of the GIluR2(i)/4(i) and
GluR2(0)/4(i) channel events (Fig. 64,B). The low conductance
and brief dwell-times of the individual events prevented a rigorous
kinetic analysis of these channels, and we have therefore limited
our description to apparent open-times of AMPA-activated
events. The open-time distributions for AMPA-evoked GluR2(i)/
4(i) channel events were best-fitted with the sum of two exponen-
tial components (Fig. 64) with mean time constants of 0.58 =+ 0.10
(78.5%) and 1.5 * 0.2 msec (21.5%) (n = 8). As shown in Figure
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Figure 5. GluR2(i)/4(i) and GluR2(0)/4(i) channels and amplitude histograms. A, GluR2(i)/4(i) single-channel events activated by 100 um glutamate (top
two traces) and 20 uM AMPA (bottom two traces) in an outside-out patch. Channel openings in response to glutamate were very fast and poorly resolved
and did not yield sufficient data to construct amplitude histograms. In contrast, time-course fitting revealed two AMPA-activated conductance levels of
~4 and ~8 pS, which are marked by dashed lines. The calibration is 0.5 pA and 25 msec. B, An amplitude histogram for AMPA-activated events fitted
to two Gaussian components. The AMPA-activated conductances for this patch were 3.8 and 7.7 pS. C, GluR2(0)/4(i) single-channel events activated by
100 uM glutamate (fop two traces) and 20 um AMPA (bottom two traces) in an outside-out patch. Time-course fitting revealed two conductance levels of
~4 and ~8 pS. D, An amplitude histogram for AMPA-activated events fitted to two Gaussian components with means of 4.0 and 8.1 pS. The holding

potential was —80 mV.

6B, GluR2(0)/4(i) open-time distributions gave similar mean time
constants of 0.42 + 0.10 (89.5%) and 1.1 = 0.1 msec (10.5%) (n =
4) for AMPA openings. GluR2(0)/4(i) events evoked by gluta-
mate and AMPA did not differ markedly in their dwell-times
(data not shown). Because of the low resolution, these values are
likely to approximate the burst-lengths of the channels.

The GluR2(i)/4(0o) heteromeric assembly was also examined.
This combination was much less sensitive to agonist application
when examined in the outside-out patch-clamp configuration than
the combinations described above. No discrete channel openings
were observed. Noise analysis of glutamate-evoked inward cur-
rents (~0.5 pA; 100 uM glutamate in the presence of 100 um
CZD; n = 2) gave a conductance estimate of 1.0 pS (Table 1).
Whole-cell noise analysis of glutamate evoked currents gave a
similar estimate of 1.6 = 0.3 pS (n = 3).

It has been suggested that AMPA receptors consisting of
heteromeric subunit assemblies contain different numbers of

GluR2 subunits, but that the incorporation of a single GluR2
subunit is sufficient to confer calcium impermeability (Geiger
et al., 1995; Jonas and Burnashev, 1995). There is supporting
evidence for a mixed receptor population from experiments
that have examined the effects of CZD on receptor desensiti-
zation in hippocampal neurons (Fleck et al., 1996). If the
number of copies of GluR2 can vary, this raises the question of
whether a single GluR2 subunit is sufficient to reduce the
conductance of GluR2/GluR4 receptors. In the current exper-
iments, we did not observe heterogeneity in the single-channel
conductances; such heterogeneity might be expected if conduc-
tance varied markedly with the number of copies of GluR2. On
coexpression of two subunits at 1:1 ratio, 81% of the resulting
channels might be expected to contain two or more GluR2
subunits, 3% to contain no GluR2, and 16% to include one
GluR2 (assuming binomial distribution) (Geiger et al., 1995;
Jonas and Burnashev, 1995).
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Figure 6. Open-time distributions of GluR2(i)/4(i) and GluR2(0)/4(i)
channel events. A, Open-time distributions for AMPA-activated events in
a patch from a cell expressing GluR2(i)/GluR4(i) receptors. In this record
the resolution was set to 0.3 msec. The distribution was fitted with two
exponential components with time constants of 0.7 and 1.8 msec.
B, Open-time distribution for AMPA-activated events in a patch contain-
ing GluR2(0)/4(i) receptors. In this record the resolution was set to 0.4
msec. The distribution was fitted with two exponential components with
time constants of 0.4 and 1.2 msec.

To allow us to look selectively at heteromeric assemblies
likely to contain a single copy of GluR2, we recorded AMPA-
evoked single-channel events in the presence of 1.5 uM Joro
spider toxin (JSTX-3). This selective blocker of calcium-
permeable receptors (Blaschke et al., 1993) would be expected
to block channels arising from homomeric GluR4 receptors but
not those arising from receptors incorporating one or more
copies of GluR2. We recorded from cells transfected with a
1:10 ratio of GluR2(i)/GluR4(i). If the levels of subunit protein
relate directly to the relative amounts of cDNA used, and
channel assemblies incorporate subunits binomially, then this
ratio would give 31% of channels with one copy of the GluR2
subunit (assuming a pentamer); most other channels will be
GluR4 homomers and hence will be blocked by JSTX-3. Under
these conditions, two patches (exposed to 30 um AMPA) that
gave high conductance events in the absence of JSTX-3 gave
openings of 5 and 9 pS in its presence. These were indistin-
guishable from our other recordings (described above) ob-
tained from cells transfected with a 1:1 ratio of GluR2/GluR4
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subunits. In two other patches, mean channel conductances
were similar to those seen with homomeric GluR4, and open-
ings were reduced significantly in frequency by JSTX-3. In the
latter case, we assume that there was no incorporation of
GlIuR2 into the receptors contained within the patch. Overall,
these preliminary results are consistent with the idea that
incorporation of a single copy of GluR2, within a GluR2/4
assembly, results in low conductance channels (~5 and ~9 pS).

Properties of heteromeric GIluR2(0)/4(i) channels containing
unedited GluR2

We have examined GluR2(0)/4(i) channels containing
GluR2Q(0), an unedited form of GluR2, to allow a direct
comparison with the heteromeric combination containing ed-
ited GluR2(0). As shown in Figure 74, outside-out patches
containing calcium-permeable GluR2Q(0)/4(i) receptors ex-
hibited well resolved single-channel events in response to glu-
tamate and AMPA. GluR2Q(0)/4(i) receptors gave a range of
channel amplitudes. Figure 7B shows an example of an ampli-
tude distribution from AMPA-activated events. Distributions
from four patches were best-fitted with the sum of three Gauss-
ian components with mean conductance levels of 7.4 = 0.5,
15.4 = 1.0, and 24.4 = 1.5 pS (relative areas 58 = 4,30 = 2, and
11 * 2%, respectively; n = 4). One patch also had a fourth
component of 35 pS. Glutamate primarily activated conduc-
tance levels of 7.9 £ 0.3 and 16.5 = 0.5 pS (relative areas 67
and 27%; n = 4); however, in two of four patches, higher
conductance levels of 24.4 and 28.5 pS (11 and 10% of fitted
openings, respectively) were also observed. The difference be-
tween the channel conductances gated by homomeric GluR4(i)
and heteromeric GluR2Q(0)/4(i) is apparent from a compari-
son of Figures 7B and 2B. Although both channels are expected
to be calcium-permeable (Burnashev et al., 1992), GluR2Q(0)/
4(i) gave a greater proportion of high conductance levels (with
both agonists). Thus, although GluR4(i) and GluR2Q(0)/4(i)
channels may open to similar conductance states, the “pre-
ferred” conductance levels seem to be different. Therefore the
GluR2Q(0)/4(i) channel seems to have a unique conductance
“signature,” distinguishing it from the GluR4(i) channel, which
is similarly composed entirely of unedited subunits.

The kinetics of the GluR2(Q)/4(i) channels were similar to
those of homomeric GluR4(i) channels. Open-time distribu-
tions of AMPA-activated events (Fig. 84) were generally best-
fitted with a single exponential component with a mean of
0.25 = 0.03 msec (n = 4). Shut-time distributions (Fig. 8B)
were fitted with four or five exponential components with mean
time constants of 0.15 * 0.02, 0.68 * 0.12, 22.4 = 3.5, and
139.9 + 28.6 msec (n = 4). Figure 8C shows a typical example
of the distributions of burst-lengths for GluR2Q(0)/4(i) chan-
nel events; mean time constants for the two exponential fits
were 0.30 = 0.10 (56.9%) and 1.89 * 0.44 msec (43.1%). The
channel kinetics were similar when activated by glutamate or
AMPA (data not shown). A comparison of these data with
those of GluR4(i) suggests that the kinetics of channel activa-
tions are quite similar for homomeric and heteromeric calcium-
permeable channels, despite the fact that they adopt different
preferred conductance states.

DISCUSSION

The identity of the subunits involved in forming native AMPA
receptors may have important implications for synaptic trans-
mission at a particular synapse. During cerebellar granule cell
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Figure 7. GluR2Q(0)/4(i) single
channels and amplitude histogram.
A, GluR2Q(0)/4(i) single-channel events
activated by 30 um glutamate (top two
traces) and 20 um AMPA (bottom two
traces) in an outside-out patch. Time-
course fitting of channel openings gave
conductance levels of 7, 12, and 25, which
are marked by dashed lines. The calibra-
tion is 1.0 pA and 10 msec. B, An ampli-

Amplitude (-pA)

development, there is evidence for the presence of mRNA for
both flip and flop isoforms of GluR2 and GluR4 subunits, with
flop isoform expression increasing with age (Monyer et al,,
1991; Mosbacher et al., 1994). The desensitization kinetics of
receptors formed from these subunits have been well charac-
terized (Mosbacher et al., 1994), and properties of several
distinct granule cell AMPA receptors have been described
(Cull-Candy et al., 1988; Wyllie et al., 1993). Our experiments
therefore aimed to build on this information by examining
combinations of GluR2 and GluR4 subunits and to compare
these with the AMPA receptors identified in cerebellar granule
cells. Furthermore, in view of the profound effect of RNA

tude histogram for AMPA-activated
events from a different patch than that in
A fitted to three Gaussian components.
The holding potential was —80 mV.

editing on kainate receptor channel conductance (Swanson et
al.,, 1996), and the fact that the GluR2 subunit is normally
edited in vivo, we were interested in the possibility that prop-
erties of AMPA receptor assemblies may be similarly modified
by inclusion of edited subunits.

Influence of RNA editing on AMPA receptor
single-channel conductance

Q/R site editing of non-NMDA glutamate receptor subunits is
known to diminish both Ca®>* permeability of the channel (Hume
et al., 1991; Burnashev et al., 1992) and its block by intracellular
polyamines (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et
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Figure 8. Kinetics of GluR2Q(0)/4(i) channel events when activated by
AMPA. 4, Open-time histogram for AMPA-activated events (5 um). The
distribution was fitted to a single exponential with a time constant of 0.26
msec. B, Shut-time histogram from the same patch as shown in A. The
distribution is fitted with the sum of four exponentials with time constants
as shown. C, Burst-length histogram for AMPA-activated events from the
same patch as 4. The distribution is fitted with two exponential compo-
nents. The burst-length time constants were 0.31 and 2.3 msec. These
distributions were compiled from time-course fitted events.

al., 1995). In addition, editing at this site reduces the single-
channel conductance of kainate receptors (Swanson et al., 1996).
The present experiments suggest that AMPA receptors composed
of or containing an edited subunit also have a low conductance
compared with their unedited counterparts. Thus, the single-
channel conductance was highest for the Ca®*-permeable chan-
nels [GluR4(i) and GluR2Q(0)/4(i)], lowest for the Ca®*-
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impermeable channels formed entirely of edited subunits
[GluR2(i) and GluR2(0)], and intermediate for the Ca®*-
impermeable heteromeric channels composed of both edited and
unedited subunits [GluR2(i)/4(i), GluR2(0)/4(i), and GluR2(i)/
4(0)]. Our preliminary experiments with JSTX-3 suggest that the
presence of a single GluR2 subunit may be sufficient to produce a
marked drop in channel conductance. Our experiments, however,
do not allow us to say whether channel conductance may vary with
the number of copies of GluR2 incorporated into heteromeric
assemblies (assuming that the number of GluR2 subunits varies;
Jonas and Burnashev, 1995). The apparent lack of heterogeneity
in channel conductance with 1:1 plasmid ratio could mean either
that channel conductance is not changed further by incorporation
of additional copies of GluR2 or that all channels with more than
one copy of GluR2 have a femtosiemens conductance and are
therefore not visible as discrete events.

As reported previously, the small size of GluR2 currents pre-
cluded direct comparisons of homomeric edited and unedited
GluR2 receptors in outside-out patches (Mosbacher et al., 1994).
Instead, we have compared heteromeric assemblies containing
unedited and edited versions of GluR2, i.e., GluR2Q(0)/4i versus
GluR2R(0)/4(i). For these combinations, there was a clear reduc-
tion in weighted mean conductance (approximately threefold) and
in resolved single-channel conductance levels (6, 12, and 22 pS vs
4 and 9 pS; Table 1) when the receptors contained edited GluR2
subunits.

Moreover, the unusually low conductances observed for homo-
meric GluR2(i) and 2(o) receptors were reminiscent of those
described for kainate receptors composed of edited subunits:
GluR6(R) (~250 £S) or GluR5(R) (<200 fS) (for details, see
Swanson et al., 1996). Thus homomeric non-NMDA receptors
composed solely of edited subunits seem to be characterized by
channel conductances in the femtosiemens range.

Our present data, when considered together with previous
studies on neuronal channels, imply that native Ca®"-
permeable non-NMDA receptors may exhibit higher single-
channel conductances than Ca”?"-impermeable forms. For ex-
ample, AMPA receptors in hippocampal interneurons have a
relatively high Ca®*-permeability (Pc,,cs ~ 1.8) and single-
channel conductance (23 pS; Koh et al., 1995) compared with
those in primary neurons (P¢,,c, ~ 0.05; 10 pS; Spruston et al.,
1995). Similarly, the high single-channel conductance of
AMPA receptors from neocortical interneurons (~30 pS),
compared with pyramidal cells (~10 pS; Hestrin, 1993), seems
to be related to the low expression level of GluR2 mRNA in
pyramidal cells versus interneurons (Lambolez et al., 1996). On
the basis of recent molecular data, it has been proposed that
the level of GluR2 expression may determine the calcium
permeability of AMPA receptors in a given cell (Geiger et al.,
1995; Jonas and Burnashev, 1995). Our results suggest that
GluR2 subunit incorporation may also be important in deter-
mining the single-channel conductance of AMPA receptors.

Agonist-dependence of GluR4(i) conductance

There are several possible explanations for the observation that
kainate gave a lower conductance estimate than AMPA at the
GluR4(i) receptor both in whole-cell recordings and in isolated
patches (where the channels could be resolved directly). First,
kainate may preferentially activate lower conductance states
than those opened by AMPA or glutamate; a similar suggestion
has been made to account for the action of different agonists at
certain GABA , receptors (Mistry and Hablitz, 1990). Second,
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signal filtering of noise variance may reduce the estimated
conductance of channels opened by kainate. Although the time
constants obtained from spectral analysis of kainate noise and
AMPA noise were similar, kainate spectra contained a larger
proportion of the fast kinetic component. It is therefore pos-
sible that kainate activates events of brief duration that were
attenuated by the recording system. Other explanations, such
as low-affinity open-channel block by kainate resulting in fewer
resolvable openings (Ogden and Colquhoun, 1985), seem un-
likely given the lack of concentration dependence of the con-
ductance estimate. Similarly, it seems unlikely that the agonist
dependence of conductance can be ascribed to a heterogeneous
population of GluR4(i) receptors, although we cannot rule out
the possibility that distinct GluR4(i) receptor isoforms might
arise from different post-translational modifications of individ-
ual receptors or variable numbers of subunits per receptor
complex. Independent evidence for a different open state for
kainate versus AMPA or glutamate-activated AMPA receptors
is provided by the observation that kainate acts as a “partial
agonist” at AMPA receptors after suppression of desensitiza-
tion by CZD (Partin et al., 1993).

The apparent agonist dependence of conductance of GluR4(i)
channels [and of GluR2(i)/4(i) channels] reported here seems
similar to the behavior of “low-conductance” channels from cer-
ebellar granule cells (Wyllie et al., 1993). In these native channels,
kainate induced a noise increase and gave an estimated single-
channel conductance of ~1 pS, whereas AMPA activated discrete
channel events with conductances of ~5 and 10 pS. In this
previous study, however, it was unclear whether the different
conductances activated by AMPA and kainate arose from distinct
channel species or whether the two agonists produced different
conductances from the same receptor. The results presented here
clearly favor the latter possibility.

Comparison with native AMPA receptors

The present experiments have focused on the properties of
AMPA subunits whose mRNAs are present in cerebellar granule
cells (Monyer et al., 1991; Mosbacher et al., 1994). Cultured
granule cells have at least three distinct AMPA receptor channels
that can be distinguished on the basis of their single-channel
properties: “high-conductance” (~10, 20, and 30 pS), “low-
conductance” (~5 and 10 pS), and “femtosiemens” channels
(Cull-Candy et al., 1988; Wyllie et al., 1993).

A comparison of our present results with those obtained
from channels in granule cells has revealed some marked
similarities. For example, the high-conductance channels in
cerebellar granule cells resemble the GluR4(i) channel in the
amplitude of their openings, the number of resolvable conduc-
tance levels (three), and the relative proportions of these
levels. Furthermore, the native high-conductance channel re-
sembles the GluR4(i) channel in being sensitive to block by
intracellular polyamines and therefore Ca®*-permeable (S. Kam-
boj and S. Cull-Candy, unpublished observations). Thus the
native high-conductance channel is unlikely to be a hetero-
meric assembly incorporating the GIluR2 subunit. Unlike
GluR4(i) receptors, however, the native channel gives similar
conductance levels with kainate and AMPA (Wyllie et al,,
1993). Although we examined other combinations of GluR2
and GluR4 subunits, we have not identified a recombinant
receptor that exhibits all of the single-channel properties of the
high-conductance channel present in cerebellar granule cells. It
is possible that GluR4(i) receptors in transfected mammalian
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cells behave differently from those in neurons. Alternatively,
the native high-conductance receptor channel may arise from
subunit combinations that were not examined in detail because
of low responsiveness or high degree of desensitization; these
channels include GluR4(o), mixtures of flip/flop isoforms of
GluR4, and receptors that included the GluR4c splice variant
(Gallo et al., 1992), all of which may occur in granule cells in
situ (Gallo et al., 1992; Mosbacher et al., 1994).

The heteromeric channel combinations GluR2(0)/4(i) and
GluR2(i)/4(i) exhibit AMPA-activated conductance levels (4 and
8 pS), which resemble the 5 and 10 pS levels of the native
low-conductance channels in granule cells in both their ampli-
tudes and relative proportions. Thus the GluR2(i or 0)/4(i) com-
binations are potential candidates for the low-conductance chan-
nel found in granule cells. This is supported further by the fact
that both the native and recombinant low-conductance channels
are polyamine-insensitive (S. Kamboj and S. Cull-Candy, unpub-
lished observations), indicative of the presence of GluR2 subunits
in AMPA receptors (Kamboj et al., 1995).

Finally, our experiments suggest that we may have identified the
femtosiemens channel described previously in cerebellar granule
cells from young animals (Cull-Candy et al., 1988). The present
results, together with our previous observations on kainate recep-
tors, suggest that homomeric non-NMDA receptors composed of
edited subunits have unusually low conductances (~200-300 £S).
Although mRNA for GIuR6 (a kainate subunit subject to editing)
and GluR2 (the AMPA subunit that is entirely edited in vivo) are
both present in granule cells, there is currently little evidence for
functional kainate receptors in these cells. It therefore seems
likely that GluR2 subunits form the femtosiemens channels in
cerebellar granule cells.

Under certain conditions, the expression of GluR2 subunits can
be downregulated (Condorelli et al., 1993), which is accompanied
by corresponding changes in channel properties (Kamboj et al.,
1995). It is therefore tempting to speculate that changes in the
level of expression of the GluR2 subunit could act as a mechanism
for altering the gain of a synaptic response as well as for modifying
Ca®* permeability.
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